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ABSTRACT 
Wind turbine icing has been found to cause a variety of problems to the safe and 
efficient operations of wind turbines. Ice accretion on turbine blades would result in 
decreasing lift and increasing drag, thereby, leading to power reduction. The annual power 
loss due to icing was found to be 20 ~ 50% at harsh sites. Ice accretion and irregular ice 
shedding during wind turbine operation would lead to load imbalances and excessive 
turbine vibrations, which may cause structural failures, especially when coupled with 
strong wind loads. Icing issues can also directly impact personnel safety due to falling and 
projected large ice chunks. 
By leveraging the Icing Research Tunnel of Iowa State University (ISU-IRT), a 
series of experimental investigations were conducted to investigate the dynamic ice 
accretion process over the surfaces of typical wind turbine blade models and to explore the 
effective and robust anti-/de-icing strategies for wind turbines icing mitigation. More 
specifically, a comprehensive experimental study was conducted to quantify the transient 
surface water transport behavior over the ice accreting surface of typical wind turbine blade 
models by using a Digital Image Projection (DIP) technique. The aerodynamic 
performance degradation of the turbine blade models was characterized in the course of the 
ice accreting process by using two sets of high-sensitive multi-axis force/moment systems 
and a digital Particle Image Velocimetry (PIV) system. A novel hybrid anti-icing strategy 
that combines minimized electro-heating near the turbine blade leading edge and bio-
inspired icephobic coatings to cover the blade surface was proposed. In comparison to 
conventional thermal-based anti-/de-icing methods to brutally heat the entire blade surface, 
the proposed hybrid strategy was demonstrated to be able to prevent the ice formation and 
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accretion over the surfaces of the wind turbine blades effectively with only ~10% of the 
required power consumption. In addition to conducting wind tunnel experiments, a field 
campaign was also conducted in a mountainous wind farm to investigate the ice-induced 
performance degradation of multi-megawatt wind turbines by correlating the acquired 
images of ice accretion over the rotating wind turbine blades with an unmanned aerial 
vehicle (UAV) with the turbine operational data recorded by wind turbine supervisory 
control and data acquisition (SCADA) systems. The new findings derived from the present 
studies would lead to a better understanding of the underlying physics pertinent to the wind 
turbine icing phenomena, which could be used to improve current ice accretion models for 
more accurate prediction of ice accretion on wind turbine blades as well as to develop 
innovative anti-/de-icing strategies for safer and more efficient operation of wind turbines 
in cold weathers. 
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CHAPTER 1.    GENERAL INTRODUCTION 
In this chapter, a thorough literature review of wind turbine icing and ice mitigation 
techniques for wind turbines is provided, followed by the recommendations of related research 
on wind turbine icing. The detailed research motivation and objectives of the present study are 
demonstrated with a framework of this dissertation. Noted that the revised version of this 
chapter will be submitted to “Renewable and Sustainable Energy Reviews” for publication. 
1.1 Wind Turbines in Cold Climate 
In recent years, an increasing number of wind farms were built in cold climate regions 
to take advantage of the locally abundant wind resources and low population [1]. According to 
the statistics from International Energy Agency (IEA) Wind, the global wind capacity in cold 
climate regions was 127 GW by the end of 2015, corresponding to approximately 30% of the 
total wind turbine installations [2]. Approximately 66% of the wind turbines located in cold 
regions (i.e., 86.3 GW) were challenged by various icing events in winter. This number is 
projected to be 123 GW by the end of 2020 [2]. An icing event for wind turbines can be 
subdivided into three phases, i.e., meteorological icing, instrumental icing, and rotor/blade 
icing [2,3]. Meteorological icing is the period during which the meteorological conditions are 
suitable for ice formation, while the instrumental icing is the period during which the ice forms 
and rests on the instruments [2]. The rotor/blade icing is the period during which the ice 
accretes and remains over the surfaces of wind turbine blades, which poses the gravest threat 
to the integrity of wind turbines, and thus becomes the focus of the present thesis. 
1.1.1 Characteristics of Wind Turbine Blade Icing 
Wind turbine blade icing is an emerging research area in recent years. Since the wind 
turbine blade icing has many similarities with aircraft wing icing, most of the research methods 
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and results for wind turbine blade icing were directly borrowed or even copied from aviation 
industry without taking the uniqueness of wind turbines into account. Here, I am dedicated to 
demonstrate the differences between wind turbine blade icing and aircraft wing icing, dig into 
the underlying icing physics pertinent to wind turbines, and explore effective and robust ice 
mitigation techniques that can be mass-produced and central-controlled for wind turbines. 
The wind turbine blade icing is distinguished from aircraft wing icing with respect of 
the blade geometrical and thermal properties, wind turbine operating conditions, and icing 
conditions, etc., as shown in Table 1.1. A wind turbine blade is composed of a series of wind 
turbine dedicated airfoils. From blade tip to the root, the desired airfoils vary significantly in 
geometry and have different twist angles in each blade section. In comparison to the 
conventional symmetric, thin airfoils for aircraft wing, e.g. NACA0012, the wind turbine 
dedicated airfoils are usually asymmetric and highly chambered with larger thicknesses and 
blunt trailing edges in consideration of aerodynamic and structural requirements. The wind 
turbine blade rotates and pitches in the operational status, leading to a dramatic resultant 
velocity variation in its span-wise and chord-wise directions. The flow field around a wind 
turbine blade is quite different from that of an aircraft wing, which, in turn, dramatically affects 
water droplet impingement process, water runback behaviors, and convective heat transfer 
during the ice accretion process. Additionally, the thermal conductivities of the polymer-
composite-based wind turbine blades are much lower than that of the metal-based aircraft 
wings, which dramatically affects the ice accretion process and the preferences of anti-/de-
icing strategies.  
The icing events experienced by wind turbines in cold weathers in winter are also 
different from the environments of airplanes passing through clouds at high altitudes of 
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~10,000 m. Aircraft wing icing often happens when the aircraft flies through clouds in the 
stratosphere. The icing process might last for several seconds or minutes. However, wind 
turbines located in the troposphere suffer from complex weathers. In addition to the in-cloud 
icing, i.e., freezing fog, the precipitations, such as freezing drizzle/rain, wet snow, and frost, 
also cause severe ice accretions over wind turbine blade surfaces. The icing event may last for 
hours or even days. Wind turbines have a higher chance to be exposed to the environments 
with high liquids water contents (LWC), and large water droplets, particularly in the 
mountainous sites and offshore sites, resulting in severer ice accumulation. Instead of the pure 
water icing, the offshore wind turbines are even threatened by the ice accretions caused by the 
salt mist/spray of ocean/sea. 
In addition, the aircraft wing icing usually occurs for an individual airplane, which can 
be seen as an accidental/random event. However, there are dozens or even hundreds of wind 
turbines in a wind farm, making the wind turbine blade icing to be mass incidents. For wind 
turbines, the ice built up over the blade surfaces are more predictable. The numerical weather 
prediction (NWP) provides feasibilities to the control-based ice mitigation solutions. The ice 
mitigation techniques that can be mass-produced and central-controlled are preferred and 
suggested for practical applications. 
1.1.2 Icing Event 
1.1.2.1 Classification of Icing Event 
International Energy Agency (IEA) Ice Classification proposed a modified 
classification based on the EUMETNET/SWS II [4] in 2012 for wind farms in cold regions 
[3], as shown in Table 1.2. The IEA ice class is mainly determined by the frequencies of 
meteorological icing, instrumental icing, and the annual production loss due to ice. The 
corresponding icing severity [5] based on the Wind Power Icing Atlas (WIceAltlas) icing 
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frequency created by VTT for each IEA ice class is also listed in Table 1.2. WIceAtlas can be 
widely used as a reference for in-cloud severities [6] and a practical guide for the 
development/optimization of anti-/de-icing strategies. In consideration of the total costs of ice 
mitigation systems and the corresponding benefits, the wind turbines located in intermediate-
risk to high-risk sites are suggested to be equipped with effective ice mitigation systems. 
1.1.2.2 The Hazard of Wind Turbine Blade Icing 
The ice structures accreted over the turbine blade surfaces pose great threats to the 
normal operation and structural integrity of wind turbines. Bibeau et al. [7] divided an icing 
process for turbine blades into four phases based on the status of wind turbines. They are pre-
icing, operational-icing, stopped-icing, and post-icing, as shown in Table 1.3. For the wind 
turbines without any ice protection/prevention systems, ice structures will severely accrete 
over the blade surfaces when the turbines are operating, and significantly alter the shape of 
airfoils, leading to unexpected aerodynamic performance degradations [8–11], such as lift 
decrease and drag increase. The unevenly-distributed ice structures over the blade surfaces 
cause additional loads and edge-wise vibrations to wind turbines [12,13]. More secondary 
effects, such as ice throw or increased noise, may also occur during the operational-icing phase 
[14,15]. A long-term operation under icing conditions will threaten the health of turbines, such 
as component failures, so that wind turbines will be shut down, moving to the stopped-icing 
phase. The ice accretion is alleviated on standstill turbines, and turbines will be restarted until 
the ice naturally melts. This period usually lasts for several days or even months depending on 
the locally weather conditions, resulting in enormous power losses [1]. For the wind turbines 
equipped with anti-/de-icing systems, the amount of ice accumulated on turbine blades 
dramatically deceases. The operational-icing phase and stopped-icing phase are significantly 
shortened to several minutes to hours, or even directly skipped to the post-icing phase. 
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However, additional expenses are needed for the installation and operation of ice mitigation 
systems, affecting the retained profits of wind farm operators to some extent. 
1.1.3 Icing Physics 
1.1.3.1 Atmospheric Icing 
Atmospheric icing happens when airborne super-cooled water droplets impact upon the 
wind turbine blade surfaces [5,10,16–19], including in-cloud icing, precipitation icing and frost 
icing [5,20]. In-cloud icing happens when super-cooled water droplets in the atmosphere, i.e., 
freezing fog, impinge onto a cold surface and freeze into ice. The size of the droplets are 
usually smaller than 50 μm. In-cloud icing is the most common type of atmospheric icing and 
usually sustains over a long period of time, becoming the focal point of wind turbine icing 
studies [17,21–24]. Precipitation icing is associated with the presence of freezing drizzle, 
freezing rain or wet snow. Freezing drizzle or rain occurs when the drizzle or rain droplets fall 
onto a cold surface and freeze over the surface with a relatively high ice density and adhesion 
strength. In comparison to the freezing fog for in-cloud icing, the drizzle or rain droplets are 
quite larger, ranging from 50 μm to 5000 μm [25–28]. Wet snow usually occurs at air 
temperatures ranging from -3 °C to 0 °C. Compared to dry snow, it is much easier for wet snow 
to stick onto the blade surfaces [20]. Frost icing is the deposit of ice over cold surfaces when 
the surrounding temperatures below the freezing point of water. Frost icing usually occurs 
overnight with a relatively smaller probability of occurrence in comparison to other types of 
icing [1,29–31]. 
1.1.3.2 Type of Ice 
From the perspective of icing physics, there are generally two types of ice, rime ice and 
glaze ice. The ice formation mainly depends on the inflow velocity, ambient air temperature, 
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liquid water content (LWC) of the atmosphere, and the median volume diameter (MVD) of the 
super-cooled water droplets in the air [18,23]. 
1.1.3.2.1 Rime Ice 
If the impinging super-cooled water droplets onto the blade surfaces freeze 
immediately with a rapid release of latent heat of fusion, we call this process rime ice 
formation. During this process, lots of small air bubbles are trapped inside, forming the white 
or milky appearance of rime ice [32], as shown in Figure 1.1(a). Rime ice usually accompanies 
with a surrounding temperature lower than -10 °C. Additionally, comparatively small LWC, 
MVD and inflow velocity are more inclined to impel rime ice formation. In some literatures 
[1], rime ice is further subdivided into soft rime and hard rime. Soft time is white or opaque 
with a density in a range of 100 ~ 600 kg/m3, while hard rime has a granular, white or 
translucent appearance with a comparatively larger density of 600 ~ 900 kg/m3. 
1.1.3.2.2 Glaze Ice 
Glaze ice forms when the latent heat of fusion of the impinging droplets doesn’t release 
into air fast enough during the freezing process. Only a portion of super-cooled water droplets 
freeze into ice after the impingement, and remaining portion is still in a water phase, as shown 
in Figure 1.1(b). This process usually happens when the surrounding air temperatures are 
higher than -10 °C and the LWC and MVD are relatively larger [32]. Glaze ice has a clear, or 
transparent appearance (i.e., bubble free). The ice density is approximately 900 kg/m3 [1]. 
Compared to rime ice, glaze ice usually has more complicated shapes and stronger adhesions 
due to its wet nature, making it more dangerous for wind turbines. The geometries of glaze 
horns or feathers, as well as ridges induced by runback water, are difficult to be accurately 
predicted by using the existing theoretical or numerical methods/codes [33–35]. 
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1.1.3.2.3 Mixed Ice 
Mixed ice can be seen as a combination or transition status of rime ice and glaze ice. It 
usually happens under the following two circumstances. 1) At different span-wise or chord-
wise locations of the wind turbine blades, the flow field around each blade section varies 
significantly, leading to a combination of rime ice and glaze ice from a spatial perspective [36]. 
2) The ice features can also be temporally heterogeneous during an icing process [1,32]. At the 
beginning of an icing process, rime ice forms at first, releasing latent heat of fusion during the 
solidification and further resulting in an increment in the surface temperature [1,32]. Glaze ice 
may accrete afterwards on top of the rime ice layer due to the increased surface temperature, 
resulting in a mixture of rime ice and glaze ice accreting over the blade surfaces. 
1.1.3.3 Ice Accretion Process over an Wind Turbine Blade 
1.1.3.3.1 Dynamic Ice Accretion Process 
The dynamic ice accretion process consists of droplet impingement, water runback (for 
glaze ice), and ice formation/accretion. The super-cooled water droplets carried by the inflow 
wind impinge onto a rotating turbine blade, and completely freeze into ice with a rapid 
liberation of latent heat of fusion under rime icing conditions, as shown in Figure 1.1(a). The 
tiny ice structures tightly occupy the impingement area, following the streamline shape the 
blade to a great extent, which extends the chord length of the original airfoil and might lead to 
a small increase of lift. The ice accretion can be estimated by using the ice accumulation 
parameter [37], (LWC ) / ( )c iA V t d ρ∞= ⋅ ⋅ ⋅ , where V∞ is the resultant inflow velocity of 
rotating speed and wind speed at each blade section, t is the duration of icing process, d is the 
characterized length of the blade section, and iρ  is the ice density. The blade tip, i.e., the outer 
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1/3 region of a blade, has the severest ice accretion due to the larger V∞ and the smaller d, 
experimentally proved by a field campaign in a natural icing environment [36]. 
Under a glaze ice condition, the unfrozen part of impinging water forms a thin water 
film, driven by the aerodynamic force induced by ambient airflow, moving to the further 
downstream regions with a bulge front accompanied with the phase change from water to ice, 
as shown in Figure 1.1(b). Al-Khali et al. [38] identified the transition boundary of the film to 
isolated rivulets in consideration of surface tension, shear stress at the water/air interfaces and 
water static pressure inside the water layer. The rivulets driven by the aerodynamic drags 
exerting on the raised rivulet fronts/heads stretch downstream associated with transient 
breaking and merging behaviors [39,40]. If the LWC is quite high, complete channels that can 
transport water from the blade leading edge to the trailing edge might be formed [22,23]. The 
ice icicles continuously grow/expand at the leading edge regions in windward directions, 
hindering the runback water to some extent and leading to a rapid leading-edge ice accretion 
[41]. This dynamic ice accretion process is significantly affected by the environment 
conditions [42], such as inflow velocity, temperature, LWC, and MVD [17]. and the properties 
of turbine blades, such as baseline airfoil [43], angle of attack [22,44], twist angle [45], etc. 
The irregular shapes of ice and the significantly increased surface roughness consequently 
degrade the aerodynamic performance of the blade. 
1.1.3.3.2 Heat Transfer during the Dynamic Ice Accretion Process 
The dynamic ice accretion process is associated with complicated heat transfer. Fortin 
et al. [35] thoroughly studied the heat transfer during the ice accretion process for aircraft 
wings, providing an exemplary for wind turbine icing. After the super-cooled water droplets 
impinge onto the blade, the surface temperatures slightly increase by approximately 2~4 °C 
due to the release of latent heat of fusion during the solidification. After a short period of time, 
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the surface temperatures come into a steady state in which each control volume has equal heat 
fluxes moving in and out [35], as shown in Eq. (1-1) and Figure 1.2(a). The moving-in heat 
fluxes mainly consist of the latent heat of solidification, kinetic heat of the impingement, and 
the adiabatic heat by the air friction, while the moving-out heats are mainly lost by convective 
heat transfer between water/ice and airflow, and conductive heat transfer between ice and blade 
surfaces. The sensible heat caused by temperature variations of water and ice, sublimation of 
ice, and evaporation of water are also responsible but less important. The convective heat 
transfer coefficient for wind-loaded turbine blade varies significantly in both span-wise and 
chord-wise directions due to the variations in flow field, which were experimentally measured 
and numerically estimated in literatures [24,46–50]. At the leading-edge region, the blade 
sections have the strongest convective heat transfer. 
lh adh kin ss sub evap cd cvQ Q Q Q Q Q Q Q+ + = + + + +   (1-1) 
where the latent heat of solidification lhQ , adiabatic heat adhQ , and kinetic heat kinQ  are 
the heats added to the control volume while sensible heat ssQ , sublimation heat subQ , 
evaporation heat evapQ , conductive heat cdQ , and convection heat cvQ  are the heats removed 
from the control volume. 
For the blade surface equipped with ice mitigation systems, e.g., outside resistive 
heaters, no ice accumulates over the blade surface. Only a thin water layer covers the blade 
surface, as shown in Figure 1.2(b). In the steady state, the moving-in heat fluxes and moving-
out heat fluxes are in equilibrium in the control volume, as shown in Eq. (1-2). The generated 
heats from the outside resistive heater, as well the kinetic heat flux and adiabatic heat flux, 
move into the control volume. The heat fluxes are removed from the control volume mainly 
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through the convective and conductive heat transfer. The evaporation of water is also enhanced 
due to the higher surface temperatures caused by the heaters.  
gen adh kin ss evap cd cvQ Q Q Q Q Q Q+ + = + + +  (1-2) 
where genQ  is the heat generated by heaters.  
1.1.3.4 Quantification of Ice Accretion Process on Wind Turbine Blades 
In addition to the qualitative studies, quantitative measurements of the dynamic ice 
accretion process can provide more useful information 1) to develop a better understanding of 
the fundamental mechanisms or underlying physics of the icing process, 2) to optimize or 
validate the theoretical and numerical methods of ice prediction, and 3) to provide references 
to the development of anti-/de-icing strategies.  
1.1.3.4.1 Ice Shape 
Ice profiles are particularly important for the evaluation of the aerodynamic 
performance and additional loads or fatigues of wind turbines accumulated with ice 
contamination. The shapes of ice accreted over a wind turbine blade have 2-dimensional (2D) 
and 3-dimensional (3D) features. The widely-used ice shape prediction codes, such as VTT 
TURBICE [33], NASA LEWICE [51], FENSAP-ICE [43,52], etc., are fundamentally based 
on Messinger approach [35,53] in consideration of conservation of mass, momentum and 
energy in steady states [43]. These codes have been validated in prediction of rime ice accretion 
that has dominated 2D features [33,34,54,55]. However, for glaze ice, the wet nature leads to 
irregular ice shapes [32] and 3D characteristics, which tremendously increases the uncertainty 
in prediction [29,47]. 
The experimental methods perform better in providing the quantitative formation of the 
ice profiles. Table 1.4 lists typical ice shape measurement techniques. Hand tracing [56] is the 
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most commonly-used and convenient method to acquire a 2D profile of ice, consisting of three 
steps, inserting the heated plate, tracing ice profile and digitizing the hand trace. The ice 
structures might melt during the hand tracing process and 3D surface details are completely 
lost. Mode and casting method [8], developed by NASA, is to mode the shape of ice in the 
icing tunnel and then cast the artificial accretion model. This method has a high accuracy in 
recording the 3D ice features, but it is quite expensive for large-scale models and the molding-
casting process is time-consuming. In addition to the aforementioned direct contact methods, 
the non-intrusive methods are capable to acquire high-precision 3D ice details. Laser sheet 
scanning method [56,57] is to use the deformed information of the projected laser sheet 
captured by cameras to quantify the ice features, and this method can be achieved by using the 
commercialized 3D scanners. The laser sheet scanning method has a good performance in 
measuring rime ice. For the clear glaze ice, extra opaque paints or frost condenses are needed 
to increase the reflectance of the ice surfaces [56]. The digital imaging protection (DIP) 
technique [28] is a non-intrusive structured light technique. It also depends on the deformed 
fringe/grid patterns projected on the research objects to acquire the target thickness 
information. DIP was developed and applied to measure the time-resolved 3D shapes of the 
water film and rivulets flows. The main challenge is the small reflectance of water. The 
common and easy solution is to add a small amount of opaque paint in the impinging water 
[58]. DIP is a promising solution to quantitatively measure the dynamic glaze ice accretion 
process.  
1.1.3.4.2 Aerodynamic Performance Degradation 
The ice contamination on the wind turbine blades significantly affect the aerodynamic 
properties. The aerodynamic performance of a blade section can be characterized by the lift 
and drag forces. Based on the predicted or hand-tracing 2D ice shapes, the aerodynamic 
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performance of iced profiles could be estimated by using CFD simulations and the total power 
losses of wind turbines could be further computed by using Blade Element Momentum (BEM) 
theory [11,33,54,55,59]. It is difficult to acquire high-precision aerodynamic forces for iced 
airfoils by using the existing CFD solvers due to the limitations in the turbulence closure 
schemes in calculating the flow field near an object with irregular shapes [29].  
Experimental investigations provide more possible solutions. The popular method is to 
use the published ice shapes and roughness obtained by ice accretion codes [42] or experiments 
[8] to generate test models and then put the models in wind tunnels to measure the aerodynamic 
forces acting on them [42]. For one ice accreted model, we can only measure the aerodynamic 
properties of the model with that certain time of ice accretion. To get the aerodynamic 
performance degradations of the blade with different amount of ice contamination, more 
models are required. How to obtain the aerodynamic performance degradation during the 
dynamic ice accretion process needs to be solved.  
1.2 Wind Turbine Icing Mitigation Techniques 
In this section, icing mitigation techniques for wind turbines are summarized, compared 
and analyzed for further development and optimization. Here, we focus on the ice mitigation 
techniques that can be batch-manufactured/upgraded to new or existing wind turbines and can 
be central-controlled for the whole wind farm/site with dozens or even hundreds of wind 
turbines. The ice mitigation methods that cannot be used in mass production, such as 
application of de-icing fluids to turbine blades by using a helicopter or an unmanned aerial 
vehicle (UAV), are not included in this review. 
1.2.1 Anti-Icing Mode and De-Icing Mode for Wind Turbines 
The icing mitigation techniques can function in either/ both anti-icing mode or/and de-
icing mode. In anti-icing mode, the techniques need to prevent ice formation and accretion 
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over the turbine blades when the turbines are still operating. In de-icing mode, the techniques 
are utilized to remove the ice that has already accumulated over the blade surfaces when the 
turbines are in the standstill or idling status [25,32]. The major differences between the 
operation and the standstill status of wind turbines are listed as follows.  
1) The local resultant velocity: In an operation status, the local resultant velocity 
consists of the inflow wind speed and rotation speed (i.e., approximately 30~60 m/s at blade 
tip), while in a standstill status, the local resultant velocity equals to the inflow wind speed 
(i.e., approximately 4~10 m/s at hub height). 
2) The pitch attitude of the blade: In an operation status, blades are usually pitching 
around 0° ~ 3° to capture the most wind energy. In a standstill status, the blade pitch angle will 
be adjusted to 90° (i.e., stop-feathering) to reduce the loads acting on wind turbines. 
3) The maximum possible distance of falling ice fragment [2]: In the operation status, 
the ice throw distance is approximately 1.5(D+H), where D is rotor diameter and H is hub 
height. In the standstill status, the ice fall distance is approximately V(D/2+H)/15, where V is 
10-minute averaged wind speed at hub height [14,15]. Under the most circumstances, ice fall 
distance is much smaller than the ice throw distance. 
Based on the aforementioned differences, it is much more challenging for the ice 
mitigation/protection systems of wind turbines to perform in the anti-icing mode than the de-
icing mode.  
1.2.2 Ice Mitigation Techniques 
In this section, we focus on state-of-the-art ice mitigation techniques. 
1.2.2.1 Thermal Methods 
Thermal methods are the most commonly suggested techniques for wind turbine icing 
mitigation due to high effectiveness and technical maturity. 
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1.2.2.1.1 Hot Air Injection 
Hot air injection is to use the warm/hot air circulation inside the hollow turbine blades 
to prevent or remove ice accretion over the blade surfaces, which has been commercialized by 
Enercon, Vestas, GE Wind, and Dongfang as de-icing systems [60]. Unlike aircraft engines, 
extra heating devices, such as fan heaters, are needed for wind turbines to generate hot air, 
thereby heating the blade surfaces through conductive heat transfer. However, the polymer-
composite-based wind turbine blades have a quite low conductivity of 0.5~1.0 W/mK, which 
significantly increases the energy required during the anti-/de-icing process, especially for the 
large-scale wind turbines with thick epoxy resin layers. The hot air injection system can only 
be equipped to new turbines, difficult to be retrofitted to existing wind turbines due to the 
requirement of extra fan heaters.  
1.2.2.1.2 Electro-Thermal Method 
Electro-thermal method, i.e., resistive heating, is to directly increase the blade surface 
temperature to protect the blades from ice accretion in both anti-icing and de-icing modes. 
Siemens, Vestas, Nordex, and WinWind [2] use this technique to anti-/de-ice the outer 1/3 of 
the blade full chord and the outer 2/3 of the blade leading edge [30]. The resistive heaters can 
be installed outside the blade or inside the blade/resin. The outside heaters are more effective 
and flexible in comparison to the inside heaters. The possible defect is the increment of surface 
roughness. A new polyimide-composite-based heating film developed by DuPont’s has solved 
this issue. The heating film has a uniform thickness of 50 μm and can be easily attached to the 
blade surface [24]. In comparison to the hot air injection, the outside resistive heating system 
is energy-saving and can be retrofitted to existing wind turbines [61]. The anti-/de-icing 
performance of the electro-thermal method was experimentally studied in icing tunnels/cold 
chambers and  energy-saving strategies were proposed by changing the 
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configurations/dimensions of heating films [24,62–64]. Gao and Hu [24] experimentally 
proved that the leading-edge region needs more energy input due to the locally high water 
collection and strong convective heat transfer, and the leading-edge heating, instead of entire 
blade heating, was recommended to further control the energy consumption [65]. 
1.2.2.1.3 Other Thermal Methods 
Other thermal methods are based on different forms of energy, such as microwave 
heating [66], plasma heating [67], and infrared heating. The common concerns are the safety 
issues, such as over-heating or usage of high voltage. The high voltage might cause 
electromagnetic interference to other electronic equipment installed in nacelles or hubs and 
increasing probabilities of lightning strikes in bad weathers. The passive thermal method, i.e., 
black paint [68,69], also has the over-heating issue during daytime in summer and it can only 
slightly reduce the amount of ice accreted over blades in low-icing-risk sites.  
1.2.2.2 Superhydro-/Ice-Phobic Coatings 
1.2.2.2.1 Ice Mitigation Mechanism 
Superhydro-/ice-phobic coatings [7,31,70–73] take advantages of the beneficial surface 
properties to reduce the amount of ice accumulated over blade surfaces in an anti-icing mode. 
The coatings can be easily applied to the wind turbine blade surfaces. Although the coatings 
are not capable of keeping the blade surfaces completely free of ice, the low installation cost 
and zero operation cost make them attractive to researchers and wind farm operators in recent 
years. Besides, superhydro-/ice-phobic coatings are considered as good options for the 
development of hybrid anti-/de-icing strategies. Two types of superhydro-/ice-phobic coatings 
are recently highlighted, superhydrophobic surface (SHS) and slippery liquid-infused porous 
surface (SLIPS) [74–84]. 
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SHS was first synthesized by Onda et al. [85] in 1996, and further optimized with the 
inspiration of the microstructures of lotus leave [74–84], as shown in Figure 1.3(a). In 
comparison to the hydrophilic surface that commonly used for wind turbines (contact angle < 
90 °) and the hydrophobic surface (90 ° < contact angle < 150 °), SHS is characterized with a 
contact angle larger than 150 °. SHS owns extraordinary water repellent properties, which 
accelerates wind-driven runback water over blade surfaces, making it shed off from the 
surfaces before refreezing. The antifouling properties induced by the air cushions lying 
between the rough surface and water, as shown in Figure 1.3(a), are also beneficial for anti-
icing. The micro-structured surface was further developed into the nanostructured surface, and 
the humidity tolerance was significantly improved with respect to jumping droplet effect [86]. 
During an anti-icing process, the impinging water droplets or ice particles are inclined to be 
trapped in the air cushions, resulting in a surface wettability transition from Cassie state to 
Wenzel state, as shown in Figure 1.3(a). The trapped water might further spread and be imbibed 
by the surface, entering the Hemi-wicking state, which dramatically degrades the anti-icing 
performance of the surface. Zhang et al. [79] provided a review of the recent advances in SHS 
and the emerging applications in energy-related fields in 2014. Zhang et al. [77] and Khedir et 
al. [75] summarized the concept, mechanism, and design of bio-inspired SHS for anti-icing 
applications in 2017. The major drawback of SHS is its poor durability that hinders its practical 
applications.  
SLIPS was first fabricated by Wong et al. [87] in 2011. A low-surface-energy, 
chemically inert liquid was used to infiltrate a functionalized porous/textured solid to form a 
physically smooth and chemically homogeneous lubricating film on the surface of the substrate 
[87], as shown in Figure 1.3(b). This design is inspired by the pitcher plant and characterized 
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by its high durability and low ice adhesion [77–79]. Compared to SHS, the air cushions are 
updated to liquid cushions in the fabrication of SLIPS, making it much more durable [79], as 
shown in Figure 1.3(b). The low adhesion between ice icicles and SLIPS leads to easy removal 
of ice fragments from the surface. The microstructure design was further developed into a 
nanostructured configuration to control the lubricant depletion. However, mechanical 
robustness was also reduced. A novel design based on infused polymer solved this problem. It 
can simultaneously increase the lubricant content and the mechanical robustness [88], as shown 
in Figure 1.3(b), providing a promising prospect in wind turbine icing mitigation.  
The anti-icing mechanisms of superhydro-/ice-phobic coatings are summarized [77–
79,81,84,88–91] as follows. 
1) The rebound phenomenon of the impinging droplets that leads to less water 
remaining on the surface. 
2) The small capillary force (SHS: ~4% of the traditional white paint for wind turbine 
blades; SLIPS: ~25% of the white paint) that accelerates the runback water, making the water 
shed off away from the surface.  
3) The beneficial ice-phobicity, characterized by the low ice adhesion that allows easy 
removal of water/ice from the surface (SHS: ~26% of the traditional white paint; SLIPS: ~4% 
of the white paint).  
However, the effects of superhydro-/ice-phobic coatings to keep the blade free of ice 
are very limited near the leading edge, particularly the stagnation points. The aerodynamic 
force near the leading edge of the blade is quite small, and inadequate to overcome the ice 
adhesion. Therefore, coatings need to be combined with other more effective techniques, such 
as thermal methods or mechanical methods, to keep the blade completely free of ice.  
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1.2.2.2.2 Surface Property Test and Anti-Icing Test 
To evaluate the anti-icing performance of a coating, three types of tests are required. 
They are surface property test, wind tunnel anti-icing test, and prototype field test. Table 5 lists 
the detailed items of each test and their relevance to wind turbine icing mitigation applications. 
The surface property test includes ice adhesion test (lateral adhesion test and centrifuge 
adhesion test) [88][92], contact angle test (static contact angle, advancing contact angle, and 
receding contact angle) [93], and durability test (rain erosion, sand erosion, ultraviolet A 
(UVA), salt mist/spray, shedding ice, etc.) [94–100], which can provide basic properties of a 
new coating. The surface property tests are usually conducted by research institutes with strong 
backgrounds in material and chemistry, less relevant to wind energy. Two special 
considerations for wind turbines are 1) the usage of the polymer-based substrate for the coating 
test, instead of the metal-based substrate; and 2) a requirement of salt mist/spray test to evaluate 
the coating durability for offshore turbines that are exposed to ocean/sea sprays.  
Anti-icing test consists of static accumulation test that usually conducted by research 
institutes of Mechanical Engineering, and dynamic accumulation test that usually conducted 
by research institutes in Aerospace Engineering, Wind Energy and wind turbine manufactures 
in icing wind tunnels (IWT) or climate chambers (CC). The dynamic accumulation test is to 
expose coated blade models to various icing conditions, which has more close ties to the real 
wind turbine ice mitigation. The participated institutes are OWI-Lab, NRC, University of 
Manitoba, AMIL, VTT, CARDC, DTU, CIRA, NASA Glenn, ISU-IRT, PennState AERTS, 
VKI CWT-1, KAIT, RTA, etc. while wind turbine manufactures WindGuard, Gamesa, 
Nordex, Vestas, etc. The field test is highly demanded to prove the performance and reliability 
of various coatings due to the high relevance to real applications. A successful field test needs 
the tightly combined efforts from research institutes, wind turbine manufactures, and wind 
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farm operators, as well as the substantial government policy and financial support. So far, the 
public information of field test for coating anti-icing is not available. 
1.2.2.3 Control-Based Methods 
The control-based methods use control strategies to slow down the ice accretion rate 
and compensate the aerodynamic penalties by adjusting blade pitch angles or rotation speeds. 
The control-based methods are safe, zero-energy-consuming, and have long-term benefits. 
These methods not only based on weather forecasting knowledge but control skills of wind 
turbines. The relationships between the operational status of wind turbines and the effects of 
ice contamination over turbine blade surfaces on wind turbine aerodynamic performance are 
not fully understood. More investigations, especially field measurements that can provide 
valuable datasets in natural environments, are highly demanded to develop and explore the 
control-based methods for wind turbine icing mitigation.  
1.2.2.3.1 Operational Stops 
The operational stop is suggested to be used for wind turbines without ice mitigation 
systems or turbines with ice mitigation systems under severe icing events. The wind turbines 
proactively shut down at the beginning of a severe icing event to reduce the amount of ice 
accumulation on blades. The accreted ice can melt in a shorter period and the wind turbines 
can start operating faster.  
1.2.2.3.2 Active Pitch Control 
Active pitch control is suggested to be applied to the mainstream variable-speed 
variable-pitch wind turbines. The inflow angle of each blade section/element is composed of 
the pitch angle and the angle of attack (AoA) so that the local AoA can be adjusted by changing 
the pitch angle. Slightly increasing the AoA of a blade section can reduce the ice accretion 
over the suction-side surface, and thus alleviate the aerodynamic penalties [13,44]. 
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Additionally, a slight decrease of the rotor speed can mitigate the amount of ice accreting over 
the blade surfaces. In practical applications, the active pitch control is highly based on the 
forecasting of icing events, the detection of ice [101], and the control knowledge of wind 
turbines.  
1.2.2.4 Mechanical Methods 
Mechanical methods take advantage of various kinds of vibrations [102,103] or 
movements [69] to break off the ice that has accumulated over the blade surfaces, and most of 
them are borrowed from the aviation industry. They usually function in a de-icing mode. An 
ultrasonic de-icing system that uses piezoelectric actuators to de-bond the ice layer from the 
surface was modeled by Habibi et al. [104] in 2014 and experimentally verified for wind 
turbine blade model by Yin et al. in 2016 [70]. Although ultrasonic de-icing is effective and 
energy-saving, the ultrasonic transducers need to be installed on the inner surfaces of turbine 
blades, making this technique less flexible for existing turbines. Other mechanical methods 
used in the aviation industry, such as the pneumatic boots that deform the ice layer with 
compressed air pulses by inflating and deflating air chambers, are difficult to be installed in 
turbine blades and have risks to degrade the aerodynamic properties of blades. Additionally, 
the shedding ice fragments might lead to unexpected safety issues to nearby turbines, vehicles, 
or pedestrians, when the mechanical ice mitigation techniques perform for rotating blades in 
anti-icing mode. 
1.2.3 Evaluation of Single Ice Mitigation Techniques 
A thorough evaluation of anti-/de-icing techniques is required to explore 
further/develop an innovative system for wind turbines. Parent et al. [25] critically reviewed 
the advantages and disadvantages of various anti-/de-icing techniques for wind turbines 
developed before 2009. Fakorede et al. [30] analyzed and compared various anti-/de-icing 
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techniques developed before 2015 from a perspective of the market. In the present study, all 
of the techniques above are evaluated with respect of effectiveness, economical efficiency, 
flexibility, and safety, which is important in the process of technique transition. Detailed 
criteria are listed in Table 1.6. 
No single ice mitigation technique, up to now, can perfectly take the four criteria, i.e., 
effectiveness, economical efficiency, flexibility, safety, into account at the same time. Figure 
1.4 compares various ice mitigation techniques in terms of four criteria. The black dash line 
roughly separates the techniques with comparatively high performance and low performance 
for each criterion. Safety is the most rigid criterion to determine whether a technique has a 
predictable application foreground of large-scale industrial production. The coatings, electro-
thermal methods (i.e., resistive heating), hot air injection and the control-based methods have 
relatively high security and reliability according to the available research results. A long-term 
field testing and verification are still required for these techniques. High flexibility means a 
technique can be retrofitted to existing wind turbines that already exposed to cold weathers 
and has relatively low installation costs. The thermal-based and mechanical techniques have 
better performance to keep the blade completely free of ice in comparison to other control-
based methods or coatings. However, in the meanwhile, the thermal methods are usually 
energy-consuming during anti-/de-icing processes, while the control-based methods or 
coatings nearly have zero energy consumption.  
1.2.4 The Hybrid Strategy of Ice Mitigation Techniques 
With these in mind, a hybrid strategy that combines two or three anti-/de-icing 
techniques provides a possible solution to achieve better performance. A combination of more 
than three techniques is not recommended due to the significantly-increased system 
complexity.  
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Table 1.7 lists the hybrid ice mitigation strategies with reasonably foreseeable 
application possibilities in the next decade. The strategies are categorized with respect to the 
type of wind turbines. Subjected to the retrofitting capability, outside resistive heaters, coatings 
and control-based methods are the only options for existing turbines. For new wind turbines, 
more options are available, such as hot air injection, and ultrasonic de-icing (some safety issues 
waiting to be solved). The wind turbines can also be classified by their regulation methods into 
pitch-regulated and stall-regulated turbines. So far, the pitch-regulated wind turbines, i.e., 
variable-pitch turbines that allows the turbines to actively change the angle of attack of blades 
by pitching to avoid overloading once the rated power has been hit and to acquire better power 
output, are the mainstream models for multi-megawatt wind turbines. Stall regulation that takes 
advantages of the geometrical properties of blades is usually adopted for small-scale wind 
turbines. Active pitch control is appropriate for pitch-regulated wind turbines while operational 
stops are suitable for stall-regulated turbines. All of the aforementioned techniques are 
suggested to be connected to the supervisory control and data acquisition (SCADA) systems 
of turbines for central control. 
Vestas launched a new resistive heating system in 2018, which further proves the 
marketability of the thermal-based ice mitigation techniques. Reduction of energy 
consumption of thermal methods during the anti-/de-icing process is the main orientation for 
the system optimization, which can be achieved by combining with superhydro-/ice-phobic 
coatings [65,74]. More investigations are needed to develop the hybrid ice mitigation strategies 
for wind turbines in the future. 
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1.3 Research Objectives and Dissertation Framework 
1.3.1 Recommendations 
Based on the status quo of icing research and the actual situation of market 
development of ice mitigation techniques pertinent to wind turbines, recommendations of 
demanded topics are summarized as follows. 
1) The distinguished features, such as special geometrical and thermal properties of blades, 
operational status of wind turbines, and various ground-level icing conditions, should be 
highlighted in wind turbine icing research. 
2) The techniques to quantify the dynamic ice accretion process over wind turbine blade 
surfaces should be explored to provide a better understanding of icing physics pertinent to 
wind turbines and to offer recommendations for the development of anti-/de-icing 
strategies. 
3) More durable superhydro-/ice-phobic coatings should be explored for real applications.  
4) Control-based methods need to be developed and optimized for wind turbine ice mitigation 
by conducting field tests. 
5) Hybrid ice mitigation strategies that can be batch-manufactured/upgraded to new or 
existing wind turbines and can be central-controlled for the whole wind farm/site with 
dozens or even hundreds of wind turbines are highly recommended.  
6) Ice mitigation techniques require field testing to evaluate their anti-/de-icing performance 
and prove their reliabilities in natural conditions. 
7) A close collaboration of research institutes, wind turbine manufactures, and wind farm 
operators are highly demanded to narrow the gaps between research results and practical 
applications.  
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1.3.2 Research Objectives and Dissertation Framework 
With the aforementioned recommendations of wind turbine icing research, the 
motivations of the present study are summarized as follows with specific objectives.  
1) Motivation 1: To elucidate the icing physics pertinent to wind turbines. 
• To quantify the dynamic ice accretion process over wind turbine blade surfaces; 
• To evaluate the aerodynamic penalties of ice accreting blades; 
• To promote a better understanding of heat transfer during the icing process. 
2) Motivation 2: To propose effective and robust ice mitigation strategies for wind turbines. 
• To propose novel ice mitigation strategies for wind turbine blade; 
• To evaluate the proposed strategies with consideration of effectiveness, safety, 
flexibility, economical efficiency and mass-production and central-control 
possibilities. 
According to the research motivations, the dissertation is organized mainly into two 
parts, and the corresponding chapters are listed in the dissertation framework, as shown in 
Figure 1.5.  
In Chapter 1, a critical literature review of wind turbine icing and ice mitigation 
techniques for wind turbines is provided, followed by the recommendations of related research 
on wind turbine icing. The detailed research motivation and objectives of the present study are 
demonstrated with a framework of this dissertation 
Chapter 2, Chapter 3, Chapter 4 and Chapter 5 present the experimental investigations 
and a field campaign of ice accretion on wind turbine blades to elucidate the underlying icing 
physics pertinent to wind turbines. In Chapter 2, dynamic ice accretion processes over a wind 
turbine blade/airfoil surface under varies icing conditions were experimentally measured and 
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characterized. In Chapter 3, a Digital Image Projection (DIP) technique was optimized and 
applied to quantitatively measure the more complicated glaze ice accretion. While the 
aerodynamic performance degradation of ice accreting wind turbine blade/airfoil was 
experimentally evaluated in Chapter 4, a field campaign was conducted in a wind farm to 
characterize the power loss of wind turbines due to the accreted ice structures in Chapter 5. In 
addition, more information on the characterization of detailed three-dimensional ice shapes of 
glaze and rime ice accretion was illustrated in Appendix A. 
Chapter 6 and Chapter 7 show the experimental investigation on the anti-/de-icing 
strategies for wind turbine ice mitigation. In Chapter 6, electric-thermal-based anti-/de-icing 
strategies were optimized to save more energy consumptions during the anti-/de-icing 
processes. In Chapter 7, a novel heating-coating-hybrid anti-/de-icing strategy was proposed 
and experimentally evaluated for wind turbines in cold climates. 
Chapter 8 concludes the main contributions of the present study and the 
recommendations for future work.  
The new findings derived from the present studies would lead to a better understanding 
of the underlying physics pertinent to the wind turbine icing phenomena, which could be used 
to improve current ice accretion models for more accurate prediction of ice accretion on wind 
turbine blades as well as to develop innovative anti-/de-icing strategies for safer and more 
efficient operation of wind turbines in cold weathers. 
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Table 1.1  Comparison between wind turbine blade icing and aircraft wing icing. 
Comparative item Wind turbine blade icing Aircraft wing icing 
Geometry properties 1) Wind turbine dedicated airfoil (asymmetric, 
chambered, thick, blunt trailing-edge), e.g., 
DU91-W2-250 
2) Large twist angle at each blade section 
3) Cylindrical and transition section of the blade 
1) Symmetric, thin airfoil, e.g., 
NACA0012 
2) Small/no twist angle 
3) NA 
Thermal Properties Low thermal conductivity (polymer-composite-
based blade)  
High thermal conductivity (metal-
based wing) 
Operation conditions 1) Pitch up to ± 90° 
2) Rotate when operation 
1) Fixed pitch angle with flaps 
2) No rotation 
Icing conditions 1) Salt milt/spray for an offshore wind turbine, i.e., 
ocean spray 
2) High liquid-water-content environment, 0.1~5.0 
g/m3, (e.g., offshore site, mountainous site) 
3) Long icing duration (hours to months)  
4) A large range of droplet size (20~5000 μm from 
freezing fog, freezing drizzle to freezing rain) 
5) Special icing condition: wet snow, frost (low 
frequency) 
1) NA 
2) Low liquid-water-content 
environment, < 1.0 g/m3 
3) Short icing duration (seconds to 
minutes when passing clouds) 
4) A small range of droplet size 
(20~50 μm for in-cloud icing; in 
some small-probability events can 
reach up to 500 μm) 
5) Special icing condition: ice crystal 
Others Dozens to hundreds of wind turbines’ icing or anti-
/de-icing 
Individual aircraft icing or anti-/de-
icing  
 
 
 
 
 
 
 
Table 1.2  IEA Ice Classification and icing severity [3,6]. 
IEA Ice 
Class 
Meteorological 
icing 
[% of year] 
Instrumental 
icing 
[% of year] 
Production loss 
[% of AEP] 
WIceAtlas icing frequency 
5 >10 >20 >20 Moderate to high risk 
4 5-10 10-30 10-25 Moderate to high risk 
3 3-5 6-15 3-12 Moderate to high risk 
2 0.5-3 1-9 0.5-5 Intermediate risk 
1 0-0.5 <1.5 0-0.5 Low risk 
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Table 1.3  Icing phases for wind turbine blades [7].  
Icing phase  Without ice mitigation With ice mitigation 
Wind turbine 
condition 
Ice 
accumulation  
Wind turbine 
condition 
Ice accumulation  
Pre-icing Operational  No ice Operational  No ice 
Operational-
icing 
Operational  Ice accretion Operational  Slight ice 
accretion 
Stopped-icing  Stopped  Ice accretion  
Natural melt 
Stopped  Melt 
Post-icing Stopped 
Operational  
Natural melt 
No ice 
Operational  No ice 
 
 
 
 
 
 
 
 
Table 1.4  Typical techniques to capture ice shapes/profiles.  
Technique Dimension Advantage Disadvantage Results from literatures 
Hand tracing  
[56] 
2D 1) Fast;  
2) low cost;  
1) Part of ice melts;  
2) lack of 3D 
information and 
surface details 
 
Mode and casting 
method [8] 
3D 1) High 
accuracy 
1) Expensive 
2) Time-consuming 
 
Laser sheet scanning 
method  [56,57] 
3D 1) High 
accuracy 
1) Clear ice 
challenge 
 
Digital imaging 
projection [58] 
3D 1) High 
accuracy 
2) Time-
resolved  
1) Clear ice 
challenge 
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Table 1.5  Tests for superhydro-/ice-phobic coatings for wind turbine anti-icing application. 
 Surface property test Anti-icing test Prototype/Field test 
Relevance to 
wind turbine 
low medium High 
Participate Research institutes (Material, Chemistry, 
Mechanical…) 
Research institutes 
(Aerospace, Wind Energy, 
Mechanical…) 
Wind turbine manufactures  
Research institutes (Wind 
Energy…) 
Wind turbine manufactures 
Wind farm operators… 
Detailed item 1) Ice adhesion test (lateral adhesion 
test and centrifuge adhesion test) 
[88][92] 
2) Contact angle test (static contact 
angle, advancing contact angle, 
receding contact angle) [93] 
3) Durability test (rain erosion, sand 
erosion, ultraviolet A (UVA), salt 
mist/spray, shedding ice…)  [94–
100] … 
1) Static accumulation 
test: test the reduction 
of the amount of ice 
accretion on a coated 
substrate at different 
angles [105][91] 
2) Dynamic accumulation 
test: evaluate the anti-
icing performance of 
coatings in an icing 
wind tunnel (IWT) or a 
climate chamber (CC) 
[106,107] 
Test the anti-icing 
performance of coatings on 
a real-scale wind turbine 
blade in a natural 
environment (not available) 
 
 
 
 
 
Table 1.6  Evaluation of ice mitigation techniques. 
Evaluation factor Detailed items 
Effectiveness 1) Capability to keep the blade completely free of ice in an anti-icing mode 
2) Capability to remove the ice over the blade surface in a short period in the de-icing mode 
Economical 
efficiency 
1) Installation cost, including extra lightning protection 
2) Maintenance & Operational cost, i.e., energy consumption, durability 
Flexibility 1) Capability to be retrofitted in existing turbines 
2) Capability to be combined with other anti-/de-icing technique 
3) Easy operation, i.e., control 
Safety 1) No high voltage involved during the anti-/de-icing process, i.e., no electromagnetic 
interference 
2) No negative effects on the aerodynamic properties, i.e., no increase of surface roughness 
3) No additional ice throw 
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Table 1.7  Possible hybrid ice mitigation strategies for wind turbines.  
Type of wind turbine Possible hybrid strategy 
New wind turbine 
Pitch regulated 
(mainstream 
models)  
1) Active pitch control + Hot air injection 
2) Active pitch control + Outside resistive heater 
3) Outside resistive heater + coating  
4) Active pitch control + Outside resistive heater + coating 
5) Active pitch control + Ultrasonic de-icing (optional) 
Stall regulated  
1) Operational stops + Hot air injection 
2) Operational stops + Outside resistive heater 
3) Outside resistive heater + coating  
4) Operational stops + Outside resistive heater + coating 
5) Operational stops + Ultrasonic de-icing (optional) 
Existing wind turbine 
Pitch regulated 
(mainstream 
models) 
1) Active pitch control + Outside resistive heater 
2) Active pitch control + Outside resistive heater + coating 
3) Active pitch control + coating 
Stall regulated 
1) Operational stops + Outside resistive heater 
2) Operational stops + Outside resistive heater + coating 
3) Operational stops + coating 
 
 
 
  
(a). Rime ice. (b). Glaze ice. 
Figure 1.1  Sketches and snapshots (after 200-second ice accretion, top view) of ice 
formation over a wind turbine blade surface. LE and TE present the leading edge and 
trailing edge of the blade section. 
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(a). Without ice mitigation system. (b). With outside resistive heater. 
Figure 1.2  Heat transfers of an ice accreting blade surface with and without ice mitigation 
system. 
 
 
 
 
 
 
  
(a). SHS (b). SLIPS 
Figure 1.3  Superhydro-/ice-phobic surfaces. [85–88] 
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Figure 1.4  Summary of the major ice mitigation techniques with respect to safety, 
effectiveness, economical efficiency, and flexibility. “H” and “L” represent high and low, 
respectively. 
 
 
 
Figure 1.5  The framework of this dissertation. 
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CHAPTER 2.    AN EXPERIMENTAL INVESTIGATION OF DYNAMIC ICE 
ACCRETION PROCESS ON A WIND TURBINE AIRFOIL MODEL 
CONSIDERING VARIOUS ICING CONDITIONS 
Linyue Gao, Yang Liu, Hui Hu 
Department of Aerospace Engineering, Iowa State University, Ames, IA, 50011-2271, United States 
(Published on International Journal of Heat and Mass Transfer, Vol. 133, pp930-939, 2019) 
Abstract 
In the present study, the dynamic ice accretion process over a typical wind turbine 
airfoil model (i.e., DU96-W-180 airfoil) was experimentally investigated under various icing 
conditions. The experimental study was conducted in the Icing Research Tunnel of Iowa State 
University (i.e., ISU-IRT). Different icing conditions (i.e., rime, mixed and glaze) that wind 
turbine may experience in winter were reproduced by manipulating the airflow temperature, 
velocity, and liquid water content (LWC) in ISU-IRT. While a high-speed imaging system was 
used to reveal the dynamic ice accretion process over the surface of the test model, an infrared 
(IR) thermal imaging system was used to map the corresponding temperature distributions over 
the ice accreting airfoil surface. Time variations of the ice thickness accreted along the leading 
edge (LE) of the test model were extracted based on the acquired high-resolution images of the 
ice accretion process under different test conditions. It was found that, due to the obvious 
runback of the impacted water (i.e., formation of water film and rivulets) over the airfoil 
surface, the growth rate of the ice layer accreted along the airfoil leading edge was much slower 
under the glaze icing condition, in comparison with those under the rime and mixed icing 
conditions. Such surface water transport behavior was also found to expand the ice influencing 
region. From the temperature evolutions during the dynamic icing processes, the transient 
processes of droplet impingement, water film/rivulets formation, and ice roughness growth 
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were temporally resolved, providing comprehensive details of the unsteady heat transfer during 
the dynamic icing process. While the surface temperature increment due to the direct droplet 
impingement was found to decrease monotonously along the chord in rime case, a stream-wise 
‘plateau’ region was observed in the glaze and mixed icing cases due to the complex 
multiphase mass/heat transfer associated with the surface water transport behaviors.  
2.1 Introduction 
Cold climate areas are usually promising sites for wind energy industries due to the 
abundant wind resources and low population density [1,2]. As a result, a plenty of wind farms 
have been built in the cold regions in North American, northern Asia and Europe. Due to the 
nature of cold temperature in these regions, wind turbine icing events are more likely to occur, 
which can cause serious performance degradation and shortened lifetime for wind turbines. Ice 
accretion on wind turbine blades can essentially alter the aerodynamic profiles of the blades, 
hence, degrade the aerodynamic performance of wind turbines (i.e., drag increase and lift 
decrease) [3,4]. Under severe icing conditions, wind turbines usually have to be shut down to 
avoid mechanical damages [5]. The downtimes due to wind turbine icing, which may last for 
days or weeks, can lead to enormous economic loss for wind farm operators. In addition to the 
power output penalties, the uneven ice accretion along the wind turbine blade span can also 
cause edgewise vibrations, resonance, and unbalance loads, which may significantly shorten 
the lifespan of wind turbines [6,7]. Moreover, the secondary effects, i.e., increased noise and 
shedding of large ice chunk, are potential safety hazards for the nearby residents and running 
vehicles [8]. 
Ice accretion would occur when super-cooled water droplets impact onto the surfaces 
of wind turbine blades with tremendous latent heat of fusion being released associated with the 
solidification (i.e., phase change) process of the impacted super-cooled droplets. The freezing 
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of the impacted water mass can be complete or partial, depending on how rapidly the latent 
heat of fusion can be released into the ambient air. Rime ice usually forms at the very cold 
temperatures when the impinged water droplets freeze immediately upon impacting on wind 
turbine surfaces. Glaze ice usually forms at relatively warm conditions (i.e., temperatures just 
below zero), in which case the impacted water mass would only freeze partially, while the 
remaining water would coalesce into films/rivulets and run back over the airfoil surface [1]. 
The transition/intermediate status between rime ice and glaze ice is usually called mixed ice. 
In comparison with rime ice, the wet nature of the mixed and glaze ice contributes to the 
formation of very irregular ice shapes, making the ice accreting processes being much more 
complicated [9–11].  
Over the past decades, many studies have been performed to investigate the underlying 
physics pertinent to aircraft-icing phenomena [12–14]. Though the findings derived from these 
studies are very helpful to improve our understanding about wind turbine icing phenomena, 
many particular issues related to wind turbine icing have not been properly considered. For 
example, the optimized airfoil shapes used to design wind turbine blades usually have much 
greater airfoil thickness and blunter leading edge, in comparison with those used in aircraft 
wing design. Wind turbine blades usually have very different surface properties (e.g., 
roughness, wettability and thermal conductivity) in comparison with those of airframe, which 
can significantly affect the dynamic ice accretion process [15]. In addition, wind turbines are 
usually operated at much lower altitude (i.e., closer to sea level), and more prone to encounter 
freezing rain and other low altitude, high-liquid-water-content environments (such as ocean 
spray). Therefore, it is highly desirable to gain a keen understanding of the underlying physics 
pertinent to wind turbine icing phenomena.  
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In the present study, a comprehensive investigation was conducted to examine the 
dynamic ice accretion process over the surface of a typical wind turbine blade/airfoil model 
under various icing conditions (i.e., rime, mixed and glaze). The experimental study was 
performed in the Icing Research Tunnel available at Iowa State University (i.e., ISU-IRT). In 
the sections that follow, while the fundamental mechanisms of wind turbine icing is illustrated 
at first, the experimental setup and test model used in the present study are described in great 
details. Then, based on the experimental results of dynamic ice accretion processes, ice impact 
regions and surface temperature distributions under the different icing conditions, further 
discussions are given to provide more insights of the underlying physics in the complex ice 
accretion process on the wind turbine blade/airfoil model. 
2.2 Fundamental Mechanisms of Ice Accretion on Wind Turbine Blade/Airfoil Surface 
Figure 2.1 shows the schematics of the framework to analyze the dynamic ice accretion 
process over the surface of a typical wind turbine blade. As shown in Figure 2.1(a), an arbitrary 
control volume is selected over the airfoil surface to analyze the heat transfer process during 
the dynamic ice accretion process. Based on the energy conservation law[16], the energy 
balance within the control volume at the thermal equilibrium state can be summarize as Eq. (2-
1). 
radlh adh kin ss sub evap cd cv
Q Q Q Q Q Q Q Q Q+ + + = + + + +    (2-1) 
where lhQ  is the latent heat of fusion, adhQ  is the adiabatic heat, kinQ is the kinetic 
heat, ssQ  is the sensible heat, subQ  is the sublimation heat, evapQ  is the evaporation heat, cdQ  
is the conductive heat, and cvQ  is the convective heat.  
During the icing process, the latent heat of fusion would be released as the impacted 
super-cooled water droplets freeze (i.e., solidification) over the airfoil surface, which is the 
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main source of the surface temperature increment. Another source of energy input is from 
adiabatic heating which is caused by air friction. It should be noted that the kinetic energy 
brought by the impinging water droplets also contributes to the surface temperature increment. 
The heat in the control volume would be mainly dissipated by heat transfer that includes both 
convective and conduction heat transfer processes.  While the convective heat transfer is 
caused by the temperature difference between the water/ice layer and the incoming airflow, 
the conductive heat transfer is due to the temperature gradient within the water/ice layer and 
the model substrate. A small amount of heat loss is also caused by sublimation of ice and 
evaporation of water. For the energy balance in the control volume, the release of latent heat 
of fusion and the convective/conductive heat transfer are the dominant mechanisms of the 
energy input and output, respectively. In comparison with the traditional metal-based aircraft 
wings, the thermal conductivity of the polymer-composite-based wind turbine blades is much 
lower (i.e., <0.5~1.0 W/mK for wind turbine blade vs. ~ 200 W/mK for metal-based aircraft 
wings). Therefore, while the icing process over the surface of polymer-composite-based wind 
turbine blades is mainly affected by the convective heat transfer, the ice accretion over the 
metal-based aircraft wing is determined by both the convective heat transfer and conductive 
heat transfer. 
In rime icing conditions, the impacted water droplets freeze instantly with no water 
transport over the surfaces. However, under glaze icing conditions, the unfrozen water mass 
would form into films/rivulets with bulge shapes, which could provide a comparatively large 
aerodynamic drag to overcome the resistance of capillary force, thereby, push the water mass 
transport to further downstream over the airfoil surface [17]. Figure 2.1(b) shows the neutral 
equilibrium between capillary force caused by surface tension, Fc, aerodynamic force, Fd, and 
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water static pressure, P, of the film/rivulet flows over ice structures in the steady state. In the 
neutral equilibrium, capillary force equals to the sum of aerodynamic drag and water static 
pressure, i.e.,  Fc = Fd + P [18]. The magnitude of the forces acting on film/rivulet flows is 
essentially determined by the airfoil geometry and incoming airflow conditions. In comparison 
with the airfoils used for aircraft wings, wind turbine dedicated airfoils are usually asymmetric 
and cambered with larger thicknesses to ensure sufficient structural strengths. Such unique 
features of the wind turbine airfoil are suggested to have great influences on the aerodynamic 
forces exerted on the impacted water droplets, and thereby the dynamic ice accretion processes 
over the wind turbine blade surfaces.  
2.3 Experimental Setup and Tested Wind Turbine Airfoil Model 
The experimental study was performed in the Icing Research Tunnel available at 
Aerospace Engineering Department of Iowa State University (i.e., ISU-IRT). The icing 
research tunnel, as schematically shown in Figure 2.2, has a test section of 2.0 m in length × 
0.4 m in width × 0.4 m in height with four optically transparent panels. ISU-IRT has a capacity 
of generating a maximum wind speed of 60m/s and a minimum airflow temperature of -25 °C. 
An array of eight pneumatic atomizer/spray nozzles were installed at the entrance of the 
contraction section to inject micro-sized water droplets (10 ~ 100 μm in size) into the airflow. 
By manipulating the flowrate through the spray nozzles, the liquid water content (LWC) in 
ISU-IRT could be adjusted within a wide range from 0.1 g/m3 to 10.0 g/m3. Therefore, ISU-
IRT is capable to simulate atmospheric icing phenomena over a wide range of icing conditions 
(i.e., from dry rime to extremely wet glaze ice conditions) [10,11,19]. 
The airfoil model used in the present study was designed based on the DU series airfoil, 
DU96-W-180. This airfoil profile has been widely used for the design of outboard sections on 
wind turbine blades ascribe to its high lift-to-drag ratio, insensitivity to roughness, and low 
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noise [20,21]. DU96-W-180 airfoil is a low-speed, asymmetric and cambered airfoil with a 
thickness-to-length ratio of 0.18. The polymer-composite-based airfoil model was produced 
by using a rapid prototyping machine (i.e., 3D printer). The chord-wise and span-wise 
dimensions of the airfoil model are 152.4 mm and 400 mm, respectively. The surfaces of the 
airfoil model were coated with the protective spray-on enamel (RustoleumTM, Protective 
Enamel, white in color) and then wet-sanded by using up to 2,000 grit sandpapers to ensure 
sufficient surface smoothness. Figure 2 shows the lateral view and top view of the test model 
mounted at its quarter-chord across the middle of the test-section of ISU-IRT. Three stainless 
steel rods were used to support the model. The airfoil model can be pivoted to the desired 
angles of attack (AoA) by using a digital inclinometer. 
As shown in Figure 2.2, while a high-speed imaging system was utilized to capture the 
dynamic icing process over the airfoil surface, an IR thermal imaging system was used 
simultaneously to quantitatively measure the corresponding surface temperature distributions 
over the airfoil surface. The two systems were synchronized and triggered by using a digital 
delay/pulse generator (BNC, Model 577). The high speed camera (PCO Tech, Dimax) was 
installed right above the test model with a 24 mm lens (Nikon, 24 mm Nikkor 2.8D), providing 
a top view of 1600 × 888 pixels with a resolution of 5.08 pixels/mm. The IR system was 
composed of an IR camera (FLIR, A615) and an IR inspection window (FLIR, IR Window-
IRW-4C). The IR camera, which can detect waves within a range of 7.5-14 μm, was mounted 
above the test model, providing a field of view of 640 × 480 pixels with a resolution of 4.77 
pixels/mm. The IR inspection window was embedded in the top panel of the test section. The 
measured surface temperature is proportional to the emissivity. The emissivity values of water, 
ice and the airfoil surface coated with protective enamel (white in color) are 0.95~0.96, 
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0.96~0.98 and 0.96, respectively [13,22]. Since the emissivity values of the these  materials 
are very close with a difference less than 3%, the uncertainty of the measured surface 
temperature caused by emissivity is suggested to be very small and negligible. During the 
experiments, a high-accuracy thermocouple was also integrated over the surface of the airfoil 
model to provide in-situ calibration of the surface temperature measurements by the IR system. 
2.4 Case Study 
2.4.1 Case Design 
In order to investigate the dynamic ice accretion processes under different icing 
conditions, we conducted a series of icing experiments covering a wide range of real icing 
conditions with respect of ambient air temperature, incoming airflow velocity, liquid water 
content (LWC) and median volumetric diameter (MVD). While the MVD was controlled in a 
range of 20 ~ 30 μm to simulate the impinging water droplets onto the wind turbine blades in 
real field environments [23,24], different ambient air temperatures (i.e., -5 ℃, -10 ℃, and -15 
℃), incoming airflow velocities (i.e., 20 m/s, 30 m/s, and 40 m/s ), and LWC levels (i.e., 0.3 
g/m3, 1.1 g/m3, 3.0 g/m3) were used for the case design in the present study.  
Table 2.1 lists the representative cases to be discussed in the following sections. It 
should be noted that, while the air temperature was kept at -10 ℃ for all cases, the AoA was 
also kept at 5°, at which the airfoil model possesses the maximum lift-to-drag ratio as suggested 
by Timmer and van Rooij [21]. The airfoil profile of DU96-W-180 is usually applied at 60% 
~ 99% span-wise positions, where the relative velocity ranges approximately from 25 m/s to 
80 m/s for a 1.5-MW wind turbine. Therefore, the velocity of the oncoming airflow was set to 
be 40 m/s to represent the typical relative velocities in real situations. The Reynolds number 
in the present study is 4.2×105, which is smaller than that of real wind turbine blades (i.e., 
usually operated at the Reynolds number of 106). However, the previous study [25] has 
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demonstrated that the effects of Reynolds number on the aerodynamic performance of such 
DU airfoils are very small in comparison to the NACA airfoils. Since wind turbines are usually 
operated at very low altitude in comparison with aircraft, they are more prone to encounter 
high-water-content conditions (e.g., freezing drizzle/rain and ocean spray). The LWC level for 
wind turbine icing usually ranges from 0.1 to 5.0 g/m3, which is much higher than that of 
aircraft in-flight icing conditions (< 1.0 g/m3) [26]. In the present study, various LWC values 
(i.e., 0.3 g/m3, 1.1 g/m3, 3.0 g/m3) were modulated to achieve different icing conditions as 
suggested in Appendix C [27]. 
2.4.2 Identification of Ice Types 
Snapshots of ice accretion on the airfoil model (i.e., after 300-sec ice accretion) 
obtained from the high-speed imaging results are shown in Figure 2.3 to further identify the 
ice types formed in the different test cases. The formation of runback rivulets is the most 
evident feature to distinguish rime ice and glaze ice. The isolated rivulets shown in Case No. 
3 indicate a typical glaze ice accretion. While no obvious rivulet formation can be seen in Case 
No.1 and Case No. 2, the different appearances of the ice structures shown in these two cases 
provide evidences in identifying the rime ice formation in Case No. 1 (i.e., milky ice layer with 
crystalline structures) and the mixed ice formation in Case No. 2 (i.e., clear icicles stand on the 
surface towards the oncoming flow direction) [27].  
2.5 Results and Discussion 
2.5.1 Demonstration of Centrifugal Effects on the Icing Process over a Wind Turbine 
Blade 
The tip region of a wind turbine blade captures the most wind energy. Meanwhile, due 
to the larger local droplet impact velocity, more ice would accrete at the tip region of the turbine 
blade. There are mainly two dominating forces acting on a droplet impacting onto a wind 
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turbine blade, i.e., aerodynamic force (Fd) vs. centrifugal force (Fcen). While the centrifugal 
force (Fcen) of the impacting droplet would increase linearly as a function of the blade radius 
location of the impacting droplet (i.e., Fcen = mω2r, where m is the mass of the droplet, ω is 
and rotational speed of the rotor, and r is the radius position of the blade), the aerodynamic 
force (Fd) would also increase at the outer sections of the wind turbine blade. In the present 
study, a comparison between the centrifugal force (Fcen) and aerodynamic force (Fd) was first 
conducted to demonstrate the impact of centrifugal force on the icing process over wind turbine 
blades. 
The span-wise variation of the ratio between centrifugal force and aerodynamic force 
(i.e., Fcen/Fd) was estimated based on technical parameters of the NREL 5MW reference wind 
turbine and given in Figure 2.4(a). If the droplet is small (20 μm in diameter, used in the present 
study), the ratios of centrifugal force to aerodynamic force are quite small at all span positions, 
indicating that the impact of centrifugal force on the airborne droplet is negligible. If the droplet 
is very large (200/500 μm in diameter), the ratio of centrifugal force to aerodynamic force 
would increase; however, it is still less than 5% in the tip region. The estimated ratio of 
centrifugal force to aerodynamic force derived in this study can be validated by the field 
measurements given in Shu et al [28], as shown in Figure 2.4(b). It is clearly seen that, while 
the ice accretion over the root region has evident span-wise features, the ice structures accreted 
over the mid-span and tip regions are essentially along the chord-wise direction. Therefore, 
centrifugal effects on the icing process over a wind turbine blade, especially the outer blade, 
are negligible, and the experimental setup in the present study is reasonable to study the icing 
physics pertinent to wind turbine blade.  
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2.5.2 Full Life Cycle of the Dynamic Icing Process over a Wind Turbine Blade 
Figure 2.5 shows the snapshots of the dynamic icing process over the airfoil surface 
under rime, mixed and glaze icing conditions at different ice accretion moments. Figure 2.5(c) 
shows the dynamic icing process under the glaze icing condition. Three stages of the glaze 
icing process are extracted: water droplets impingement, rivulet formation and ice accretion 
along the leading edge. In the first stage, the super-cooled water droplets carried by the 
oncoming airflow impinge onto the region near the LE of test airfoil model and the wind-driven 
surface water quickly forms into a thin water film that advances further downstream. During 
this process, the thickness of the water film decreases as it transports downstream. When the 
thickness of water film achieves the minimum limitation ( i.e., defined as a function of surface 
tension and shear stress) at the water/air interface as given in Al-Khalil et al. [29], the film 
front would split into isolated water rivulets, indicating the start of the second stage (see Figure 
2.5(d) snapshot1). While the water rivulets move downstream, the convective heat transfer 
would take away the remaining latent heat of fusion in the runback water [18,30], generating 
the rivulets-shaped ice formation as can be observed in the snapshot at t  = 80 s. Then, the 
icing process comes into the third stage. The icicles start to build up towards the LE with most 
of the impinged water droplets collected and frozen along the LE. As the icicles grow, they 
merge into the cusp-like tops (see Figure 2.5(d) snapshot2). More apparent features caused by 
the volume expansion during the icing process [31] are shown in mixed icing case, as shown 
in Figure 2.5(b). Only two stages exist in mixed icing condition, water droplet impingement 
and ice accretion. An expansion of the thin water/ice film is observed at t  = 20 s. The front of 
the film appears to be serrated without obvious rivulet formation (see Figure 2.5(d) snapshot3). 
During the ice accretion process, feather-like icicles are formed towards the LE of the airfoil 
model (see Figure 2.5(d) snapshot4). Compared to the mixed ice accretion, the ice layer formed 
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in the rime icing case has a milky appearance with crystalline structures (see Figure 2.5(d) 
snapshot5), as shown in Figure 2.5(a). It should be noted that, while the ice accretion features 
described in the present study could represent most of the icing scenarios on wind turbines, 
discrepancies of icing morphology are anticipated on different wind turbines that are exposed 
in various atmospheric icing conditions, e.g., the ice accretion features in Shu et al. [28] 
appeared to be different from the ones given in Figure 2.5, which is essentially due to the 
different icing conditions and the much longer duration of icing exposure. 
2.5.3 Quantification of Icing Impacted Regions 
2.5.3.1 Parameter Definitions of Icing Impacted Regions 
Three icing impacted regions are highlighted according to the full life-cycle icing 
accretion process. The quantification of these regions can give not only a more explicit 
understanding of the icing process, but also a constructive reference for optimization of 
resistant heater installation for wind turbine icing mitigation. 
Figure 2.6 shows three ice impacting regions. The first region is the ice film. Lf 
represents the stream-wise length of the ice film, determined by the span-wise-averaged 
distance from the leading edge to the contacting line of ice film/rivulet. The second region is 
ice rivulet, which only occurs in glaze icing conditions. Lr is the span-wise-averaged length of 
ice rivulets, calculated by using Eq. (2-2). Three special configurations of ice rivulets are 
shown in snapshots and Figure 2.6(b) shows the calculation method for them. If a large gap 
exists in one rivulet with a small downstream part (see Type 1), Lr is defined as the length of 
upstream part. If the ice rivulet splits into several branches (see Type 2), every branch is 
considered as one rivulet. If the ice rivulet does not appear in the snapshots completely (see 
Type 3), the length of it will not be counted. Notably, when the icing process comes into the 
third stage, the lengths of films/rivulets becomes more stable due to the solidification (i.e., 
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freezing) of the water films/rivulets. The third region is ice accretion concentrated along the 
LE of the airfoil model. LLE is the span-wise-averaged thickness of ice accretion along the LE. 
The boundary line of ice in front of the test model is extracted by using the method given in 
Waldman et al. [10]. The difference in snapshot intensity caused by the existence of water/ice 
are calculated by comparing the changes between the time sequences of snapshots with the 
initial reference. LLE is then determined by the span-wise-averaged distance between the 
boundary line and leading edge. 
( )
1
n
r i
i
r
L
L
n
==
∑
                                                  (2-2) 
where ( )r iL  is the length of thi  rivulet and n  represents the total number of rivulets 
shown in the snapshots.  
2.5.3.2 Length of Ice Film and Length of Ice Rivulet 
Figure 2.7 compares the normalized lengths of ice films/rivulets after 250-sec of ice 
accretion under rime, mixed and glaze icing conditions. The length of ice film is approximately 
40% of chord length (C) for all cases. The dimension of ice film could be influenced by the 
following factors: 1) the properties of the test model, including geometric configurations, 
mounting angles, etc., which greatly determines the impinging area; 2) the environmental 
factors, including LWC level, ambient temperature, oncoming flow velocity, etc., which 
determines the freezing rate. The ambient temperature of these three cases is -10 °C , a relatively 
low temperature at which the water film can freeze rapidly with a very small expansion, which 
explains the similar results in the ice film length. The span-wise-averaged length of fifteen ice 
rivulets (highlighted by red dots in snapshots) and the cumulative length of ice film and rivulets 
are 36.6% C and 78.5% C, respectively. 
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2.5.3.3 Dynamic Icing Accretion at the Airfoil Leading Edge 
Figure 2.8 shows the time histories of the ice thickness variation at the airfoil LE under 
three typical ice accretion conditions. As the time goes on, the normalized thickness increases 
correspondingly. At the beginning, nonlinear phenomena occur in both mixed and glaze icing 
cases due to the water runback over the airfoil surface. After that, the ice growth is found to 
become linear. The straight lines in Figure 2.8 are the linear fitting results with their slopes 
representing the growth rate of leading-edge ice thickness, α, as defined by Eq. (2-3). 
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The ice accumulation parameter, Ac, as defined by Anderson [32], is given in Eq. (2-
4). 
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where D is the characteristic length and ρi is the density of ice. The time derivative of 
the ice accumulation parameter can be used to estimate the growth rate of the ice layer accreted 
over the airfoil surface, that is, 
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Since the variation of ice density is relatively small under the different icing conditions 
[33], as the incoming airflow velocity is kept the same, the growth rate of ice accretion would 
be proportional to the LWC level. In the present study, while the LWC in the rime, mixed, and 
glaze conditions was set to be 0.3 g/m3, 1.1 g/m3, and 3.0 g/m3, respectively, the ratio of total 
ice growth rate between the different ice types, i.e., βmix/ βrime and βglaze/ βmix,  should have a 
similar value of ~3.0, as estimated using Eq. (2-5). It has been demonstrated that the growth of 
leading-edge ice thickness, α, is a good indication of the growth of ice accretion over the airfoil 
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surface if all of the impinged water droplets are frozen and accumulated around the LE region 
[34]. In the present study, since the ice accretion in the rime and mixed cases are mostly 
concentrated around the LE, the ratio of the LE ice thickness growth rate (as given in Figure 
2.9) is estimated to be αmix/ αrime = 3.2, which agrees well with the estimated ratio of total ice 
growth rate, βmix/ βrime = ~3.0. For the glaze condition, however, since the impinged water 
droplets would not only freeze around the LE, but also runback over the airfoil surface driven 
by the boundary layer airflow, the ratio of the LE ice thickness growth rate between the glaze 
and mixed conditions is found to be much smaller, i.e., αglaze/ αmix = 1.3, in comparison to the 
estimated ratio of total ice growth rate, i.e. βglaze/ βmix = ~3.0. 
2.5.4 Time Evolution of the Surface Temperature during the Icing Process 
Unsteady heat transfer takes place during the dynamic icing process. The temperature 
contours give an index to the unsteady heat transfers and provide a more elaborate view of the 
icing process. Figure 2.9 compares the temperature contours under rime, mixed and glaze icing 
conditions at six typical icing moments. From t = 2 s to t  = 15 s, the area of high-temperature 
region undergoes the process of expanding for all of the three cases. In the rime case, no clear 
boundary lines can be observed as those in the mixed and glaze icing cases. After the super-
cooled water droplets hit the surface of test model near the LE, they immediately freeze over 
the test model surface, forming a thin ice layer. The latent heat released in this process results 
in a rapid temperature rise, also called recalescence [35], as shown in Figure 2.9(a). As the 
time goes by, the temperature slightly increases and comes into a steady state. The temperature 
distribution along the chord monotonically decreases because less water droplets can be 
captured in the downstream region. In the mixed icing case, partial freezing of the impinged 
water droplets results in a water layer remaining over the ice layer, as shown in Figure 2.9(b). 
While a portion of latent heat is conducted through the ice/surface interface or ice/water 
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interface, most of the latent heat of fusion in the water layer is dissipated into the airflow by 
heat convection. In the glaze icing case, the much larger amount of water collected over the 
airfoil surface leads to a faster expansion. The rudiment of rivulets can be seen at t = 2 s in Fig. 
9(c). At t = 4 s, obvious rivulets are stretched downstream beyond 0.5 C. It should be noted 
that, the temperature distribution over the ice accreting airfoil surface is not monotonous under 
the glaze icing condition. A region with relatively low surface temperatures is observed inside 
the icing impacted area. 
Figure 2.10 shows the stream-wise surface temperature variations at the first ~10 
seconds. While ΔT is defined as the temperature change during the dynamic icing process, Y/C 
is the normalized stream-wise location on the airfoil surface. In the rime icing case, the 
impinged water droplets freeze immediately upon impacting onto the airfoil surface and the 
ice mass varies monotonously with respect to the water collection efficiency [19]. The 
temperature variation ΔT has a peak around the leading edge, i.e., the direct impinging area, 
due to the maximum local water collection efficiency. The water collection efficiency 
decreases gradually at the further downstream, which is caused by the geometric configuration 
and the AoA of the airfoil model. As the time goes by, the ‘peak’ ΔT increases gradually and 
then becomes stable. Other cases have the similar trends with shorter time duration to reach 
the steady state. The larger amount of water droplet impingement in the mixed and glaze icing 
cases leads to the formation of surface water runback over the ice accreting airfoil surface, 
which affects the heat transfer process and results in a ‘plateau’ region in the surface 
temperature distributions. In the glaze icing case, the ‘plateau’ region moves downstream 
slightly as the time goes by due to the stretching of water film. While the continuous water 
droplet impingement supplements the surface water, the water film expands downstream and 
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breaks into several isolated rivulets. The previous study has revealed the water/ice thickness 
distribution over the airfoil surface [14], in which the surface water/ice at Y/C >0.3 is found to 
become thicker due to the formation of the water film/rivulets fronts. The thicker water/ice 
would indicate more latent heat of fusion stored locally at the surface, and hence, a higher 
temperature, corresponding to the temperature ‘plateau’ shown in Figure 2.10. Compared with 
glaze icing condition, the ‘plateau’ phenomenon is not obvious in the mixed icing case due to 
less runback water. However, the largest ΔT near the airfoil LE is observed in the mixed icing 
case, which is due to the more intensive solidification of the surface water. Similar findings 
are also suggested in the previous literatures [36–39], which indicates the mixed ice accretion 
may have more severe effects on the wind turbine performance. 
2.6 Conclusions 
An experimental study of the dynamic ice accretion process on a wind turbine blade 
under various icing conditions was conducted in the IRT-ISU. The cases discussed in the 
present study are based on one typical ambient temperature (-10 ℃) and three characteristic 
LWC levels (i.e., 0.3 3g/m , 1.1 3g/m , 3.0 3g/m ) to duplicate rime, glaze and mixed ice conditions 
that wind turbines may experience in winter. The effects of centrifugal force on the icing 
process were estimated and evaluated by comparing with the dominant aerodynamic force. It 
shows that centrifugal effects are negligible for wind turbine blade/airfoil icing, especially for 
the outer blade section. The full life cycle of dynamic ice accretion could be divided into two 
or three stages depending on the different icing morphologies. Under a glaze icing condition, 
there are typical three stages, including the stage of water droplet impingement and water film 
expansion, the later rivulet formation, and the further ice accretion along the leading edge of 
the airfoil model. Under a rime icing condition, there are mainly two stages: droplet 
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impingement and continuous ice accretion. To further quantify the icing process, three icing 
impacted regions, ice film, ice rivulet and ice thickness ahead of LE, were defined and their 
dimensions were calculated. Ice film lengths over the pressure-side surface of DU96-W-180 
airfoil model under three icing conditions were approximately 40% C. In the glaze icing case, 
the accumulative length of the ice rivulet length and ice film length was approximately 80% 
C. Ice thicknesses ahead of LE would increase in a general linear trend during the dynamic ice 
accretion process. The ice thickness and corresponding ice growth rate were found smaller 
than the expected value under the glaze icing condition, which is mainly due to the surface 
water runback phenomena. Furthermore, time evolutions of stream-wise surface temperature 
distributions during the icing process were provided. As downstream distance from the LE 
increases, the surface temperature at a certain icing moment would decrease monotonously 
after the stagnation point in rime icing case. However, ‘plateau’ regions in the surface 
temperature distribution were observed in glaze and mixed icing cases due to the water runback 
phenomena. 
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Table 2.1  Representative cases for icing physics study on DU96-W-180 airfoil model. 
Case No. AoA [°] V∞ [m/s] T∞ [℃] (± 1.5) LWC [g/m3] Expected Ice type 
1 5 40 -10 0.3 Rime 
2 5 40 -10 1.1 Mixed 
3 5 40 -10 3.0 Glaze 
 
 
Figure 2.1  Icing mechanism on a wind turbine blade/airfoil. (a) Heat transfer; (b) Force 
analysis. 
 
 
Figure 2.2  Schematic diagram of experimental setup for icing physics study over DU96-W-
180 airfoil model.  
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Figure 2.3  Snapshots of ice accretion over the pressure-side surface of DU96-W-180 airfoil 
model in representative cases for identification of ice types. LE and TE help pinpoint the 
spatial scale. 
 
 
Figure 2.4  Impact of centrifugal force on the icing process. (a) Estimated ratio of centrifugal 
force to aerodynamic force acting on a droplet as a function of normalized blade radius 
positions by blade length. (b) Photos of ice accumulation on different regions of a wind 
turbine blade [36].  
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Figure 2.5  Snapshots of dynamic ice accretion process over pressure-side surface of DU96-
W-180 airfoil model under various icing conditions. Red squares highlight the zoomed areas. 
(a) Rime icing; (b) Mixed icing; (c) Glaze icing; (d) Zoomed snapshots. The contrasts of the 
zoomed snapshots were adjusted to provide a clearer view. 
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Figure 2.6  Schematic diagram of dimensional parameters of icing impacting regions. (a) 
Definitions of parameters; (b) Calculation method for three special types of ice rivulets. 
 
Figure 2.7  Normalized lengths of ice films, lengths of ice rivulets and numbers of ice 
rivulets shown in the high-speed images under rime, mixed and glaze icing conditions when t 
= 250 s. The red dots in the snapshot point out the fifteen ice rivulets.  
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Figure 2.8  Time series of the normalized thickness of ice accretion upon the LE and their 
linear fitting (LF) curves under rime, mixed and glaze icing conditions within the first 250 s. 
The error bar presents ±1 standard deviation around the mean. 
 
 
Figure 2.9  Contours of surface temperature distribution over the pressure-side surface of 
DU96-W-180 airfoil model under (a) rime icing, (b) mixed icing and (c) glaze icing 
conditions. Noted that the surface temperature represents the temperature of the top layer of 
the medium. 
66 
 
Figure 2.10  Stream-wise surface temperature variations within the first 10 seconds under 
rime, mixed and glaze icing conditions.  
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CHAPTER 3.    CHARACTERIZATION OF DYNAMIC GLAZE ICE ACCRETION 
PROCESS OVER A WIND TURBINE AIRFOIL SURFACE BY USING A DIGITAL 
IMAGE PROJECTION (DIP) TECHNIQUE 
Linyue Gao, Yang Liu, Hui Hu 
Department of Aerospace Engineering, Iowa State University, Ames, IA, 50011-2271, United States 
(The revised version to be submitted to International Journal of Heat and Mass Transfer) 
Abstract 
Icing can pose a significantly threat to wind turbines operating in cold climates. 
Different from rime ice that forms immediately after the impingement, a portion of the super-
cooled water droplets impacted onto the airfoil surface still remain in a liquid phase, coalescing 
and running back driven by the ambient airflow during the glaze icing process. The wet nature 
of the glaze ice makes it dangerous, hard to be removed from the airfoil surface, and difficult 
to be accurately predicted. To have a better understanding of the dynamic glaze ice growth 
process, an experimental investigation was first conducted at Icing Research Tunnel at Iowa 
State University (ISU-IRT) to quantitatively measure the dynamic glaze icing process by using 
a Digital Image Projection (DIP) technique. The DIP system was further developed and 
calibrated to be successfully applied to dynamic icing process over a surface of a highly-
camber wind turbine airfoil DU91-W2-250. The instantaneous DIP measurement data provide 
time-resolved three-dimensional information of the ice structures accreted over the blade and 
the water transport behaviors on top of the ice layer. Based on the DIP data, the rivulet flows 
over the ice roughness/structures during the dynamic glaze icing process were further analyzed 
in terms of ice thickness variation, rivulet moving speed and rivulet width features. In addition, 
the effect of the oncoming flow velocity on the glaze icing process was also comprehensively 
studied. 
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3.1 Introduction 
Wind energy has been globally regarded as the mainstream energy source for electricity 
production in 2018. However, approximately 30% of wind turbines are threatened by various 
icing events in winter [1–4]. The icing events can be roughly categorized into two types in 
terms of the ways of formation, i.e., in-cloud icing and precipitation icing. In-cloud icing 
happens when the supercooled water droplets suspended in freezing fog impact the rotating 
wind turbine blades. The water droplet is usually small and the median volumetric diameter 
(MVD) of the water droplets is approximately 10-50 μm. Precipitation icing usually occurs 
accompanied by freezing drizzle (MVD = 50-500 μm), freezing rain (MVD = 500~4000 μm) 
or wet snow [5,6]. From the perspective of icing physics, there are two types of ice, rime ice 
and glaze ice [7]. Different from rime ice that forms immediately after the impingement, only 
a portion of the super-cooled water droplets impacted onto the blade surface freeze into ice 
during the glaze icing process, and the remaining droplets coalesce and run back driven by 
ambient airflows [8,9], as shown in Figure 3.1. Due to the high adhesion and complicated shape 
caused by the wet nature, glaze ice is usually considered as the most dangerous type of ice [10–
13]. In comparison to in-cloud icing, the precipitation icing with larger airborne water droplets 
is more prone to generate severe glaze ice over the blade surfaces, triggering acutely negative 
effects on the safe and effective operation of wind turbines.  
Most of the previous studies on wind turbine icing [8,10,14–17] are focused on in-
cloud icing. The underlying icing physics of the high-liquidity precipitation icing is not clear. 
The high mobility of runback water over the ice structures makes it difficult to accurately 
predict the three-dimensional shapes and dynamic motions of the film/rivulet flows during the 
glaze ice formation and accretion. Rothmayer et al.[18] developed a boundary layer theory to 
describe the water film runback on an airfoil surface based on a critical film thickness. Khalil 
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et al.[19,20] proposed a runback model with the concept of the breakup of liquid film into 
individual rivulets. Following Khalil’s work, Fortin et al.[21] used a mass balance to determine 
the mass of ice and runback water with the known water state and maximum bead height. The 
aforementioned models play an important role in elucidating the underlying water runback 
physics and predicting the one/two-dimensional geometry of runback water flows during glaze 
ice formation.  
To further develop and validate the current models, more comprehensive experimental 
data, particularly the time-resolved three-dimensional data, of the high-liquidity icing process 
are highly needed. The dynamics, i.e., the stumbling runback motions, of a wind-driven 
droplet/rivulet flow over a flat plate surface were measured using a digital fringe projection 
(DFP) technique by Hu et al. [22] in 2015. In the same year, the DFP technique was further 
developed by Zhang and Hu [23] into a digital image projection (DIP) technique by replacing 
the white and blade fringes with grid patterns. The DIP technique developed was applied to 
investigate the unsteady film/rivulet flows over a NACA0012 airfoil under room temperature, 
and the leading-edge film thickness was found to follow the Nelson’s scaling law very well 
[9,23,24]. The DIP technique was proved to be able to quantify the dynamics of film/rivulet 
flows, and here, it is suggested to be applied to high-liquidity icing related studies for wind 
turbine icing applications. 
In the present study, the DIP technique was further designed and applied to a glaze 
icing process over a highly cambered wind turbine airfoil surface to quantitatively measure the 
time-resolved three-dimensional shapes of the accreted ice structures and film/rivulet flows. 
Several freezing drizzle conditions were duplicated in the Icing Research Tunnel at Iowa State 
University (ISU-IRT) by manipulating the oncoming flow velocity (V∞), ambient air 
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temperature (T∞), liquid water content (LWC) level and MVD. Section 3.2 illustrates the 
detailed information of the principle of DIP technique and the experiments for the 
quantification of the time-resolved icing process. Section 3.3 shows the instantaneous DIP 
measurement results of the dynamic glace icing processes with various oncoming flow 
velocities, followed by the further quantitatively analysis. Section 3.4 concludes the main 
findings derived from the present study, which can be used to validate and optimize the existing 
ice accretion/water transport models and to provide a fundamental insight to develop effective 
and economic anti-/de-icing strategies for wind turbines in cold and wet environments. 
3.2 Experiments 
3.2.1 Principle of DIP Technique 
Digital Image Projection (DIP) technique is a non-intrusive structured light technique 
that can be used to reconstruct the three-dimensional (3D) of an object. DIP technique was 
developed and optimized for water transport application by Zhang and Hu [23] in 2015. Here, 
we further applied the DIP technique to the dynamic glaze icing process over a highly-
cambered wind turbine airfoil surface. Figure 2 shows a schematic diagram of the principle of 
DIP technique. While a digital image projector is used to project grid patterns onto the 
reference plane, a high-speed camera is used to record the projected image patterns. When 
there is an object on the reference plane, the grid patterns will be deformed. The deformation 
has a constant relationship with the height/thickness of the object, as given in Eq. (3-1) and 
Eq. (3-2). The camera and the projector are installed at the same height. The ratio of the height 
of the object (H) to the vertical distance between the camera and the object (s-H) is proportional 
to the ratio of the distance between the camera and the projector ( MN ) to the displacement of 
the image pattern ( AB ), as shown in Figure 3.2 and Eq. (3-1). Since the height/thickness of 
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the object is much smaller than the distance between the camera and the reference plane, the 
relationship of the height of the object and the displacement can be simplified from (s-H)/d to 
s/d, as given in Eq. (3-2). 
d s H
HAB
−
=                                                                   (3-1) 
, sH k AB k d= ≈                                                           (3-2) 
The displacement vectors are calculated based on the reference and deformed images 
by using a spatial cross-correlation image processing algorithm [23]. Based on the 
displacement information of the deformed image patterns and the displacement-to-
height/thickness relationship (k), the height information of the object can be derived. With all 
of the dimension information in x, y and z directions, the three-dimensional shape of the object 
can be reconstructed. 
3.2.2 Experiment and Calibration 
In the present study, the icing events were simulated in the Icing Research Tunnel at 
Iowa State University (ISU-IRT). ISU-IRT is a multifunctional research-grade icing tunnel 
that can duplicate a wide range of icing conditions that might be experienced by wind turbines 
in wet and cold environments [7,25,26]. The test section is 0.4 m × 0.4 m × 2.0 m. As shown 
in Figure 3.3, there are an array of pneumatic atomizing spray nozzles (Spraying Systems Co., 
1/8NPT-SU11) installed at the entrance of the contraction section of the wind tunnel to produce 
water droplets impinging onto the test airfoil model installed in the test section. The liquid 
water content (LWC) level can be adjusted by the regulating the flowrate through the nozzles. 
The median volumetric diameter (MVD) of the water droplets ranges from 10 μm to 100 μm 
depending on the air pressure and water pressure through the spray nozzles. The small airborne 
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water droplets can be quickly cooled down to the same temperature as the ambient airflow 
before they travel to the test section. The minimum temperature of the wind tunnel is -25 °C. 
In the experiments, a widely-used wind turbine airfoil profile, i.e., DU91-W2-250, was 
selected to build the test airfoil model. DU91-W2-250 airfoil is an asymmetric, cambered, thick 
airfoil, as shown in Figure 3.3. The maximum thickness of this airfoil is 25% of its chord length 
(C). The chord length and the span length of the airfoil model are 0.15 m and 0.40 m, 
respectively. The test airfoil model was 3D-printed using a hard plastic material (i.e., 
VerowhitePlus) that has the similar thermal and structural properties to the materials used for 
a wind turbine blade. The surface of the test airfoil model was coated with one layer of the 
finish paint (i.e., White Productive Enamel) and one layer of Primer underneath the finish paint. 
The surfaces of the test airfoil model were carefully smoothed and polished with sandpapers 
with up to 2000 grit. The test airfoil model was supported with three stainless rods, and could 
pivoting around the aerodynamic center of the model, i.e., ¼ chord length. During the 
experiments, the test airfoil model was installed in the middle of the test section with an angle 
of attack of 5°.  
Figure 3.3 shows the experimental setup for the quantification of the dynamic glaze 
icing process over the DU91-W2-250 airfoil surface by using DIP technique. While a digital 
image projector was used to project grid patterns onto the airfoil model, a high-speed camera 
(PCO Tech, Dimax) installed at the same height with the projector was used to acquire the 
snapshots of the deformed grid patterns caused by the water/ice structures accreted over the 
airfoil model surface during the dynamic glaze icing process. The resolution of a grid was 21 
pixels × 21 pixels. The framerate of the camera was set as 30 Hz. A small amount of white 
latex paint (~1%) was added into the water to increase the surface reflectance. The 
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interrogation window size for the cross-correlation to determine the displacements of the 
deformed images was 21 pixels × 21 pixels, corresponding to 1.9 mm × 1.9 mm in physical 
space.  
A vertical special calibration test was conducted to find the displacement-to-
height/thickness relationship, i.e., the k-map. The airfoil model was fixed onto a vertical 
translation stage, as shown in Figure 3.3, with an angle of attack of 5°. The height of the airfoil 
model was adjusted by using the micrometer driver of the translation stage with an interval of 
10 μm. A series of snapshots with grid patterns at different heights were acquired and used to 
calculate the displacement vectors with the aforementioned cross-correlation algorithm. As 
shown in Eq. (3-2), the height and the displacement has a linear relationship, and k is the slope 
of the linear fitting curve. Figure 3.4 shows the calibration results, i.e., the displacement-to-
height/thickness factors, in the projected area. The value of k was found to vary slightly in x 
and y directions in the projected area due to the variations in the distance between the 
camera/projector and the cambered airfoil surface. The averaged value of k is approximately 
0.22.  
Table 3.1 lists the test cases in the present study. The temperature of the airflow was 
set as -5 °C. The oncoming velocity varied from 15 m/s to 30 m/s with a step of 5 m/s. The 
flowrate though the array of nozzles was 1000 mL/min in all of the cases to keep the same 
amount of impinging water. The corresponding LWC levels were from 6.7 g/m3 to 3.3 g/m3.  
3.3 Experimental Results and Discussion 
3.3.1 Instantaneous Icing Process over an Airfoil Surface 
Figure 3.5 shows the acquired DIP images and the corresponding measurement result. 
, including the reference image, deformed images modulated by the accreted water/ice 
structures, and the measurement result. Figure 3.5(a) shows the reference image of the 
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pressure-side surface of the clean airfoil model with projected grid patterns. The grid patterns 
are uniform and regular-shaped, fitting the S-shape surface of the airfoil model very well. 
Figure 3.5(b) shows the deformed images modulated by the ice structures and unfrozen water 
accreted over the surface. Figure 3.5(c) shows the ultimate result of the DIP measurement for 
the three-dimensional shapes of the ice/water structures over the airfoil model surface. The 
contour shows the height/thickness of the ice/water accreted over the airfoil surface. The DIP 
measurement result is found to be able to capture the water transport behavior on the ice 
accreting airfoil model. 
Figure 3.6 shows DIP measurement results of the time evolutions of the dynamic glaze 
icing processes over the airfoil model surface under various inflow conditions. Figure 3.6(a) 
shows the instantaneous DIP measurement results of the dynamic icing process over the airfoil 
surface where the airflow velocity is 15 m/s and the ambient air temperature is -5 °C. Six 
representative moments of the icing process were selected. When t = t0, there was no water 
droplets impinging onto the surface, and the airfoil model was clean with no ice/water accretion. 
The height/thickness of the ice/water was zero. As time went on to t = t0 + 10 s, the airborne 
supercooled water droplets impinged onto the airfoil model. Only a portion of the impacted 
droplets froze into ice, and the remaining water driven by the airflow ran back to the 
downstream region, forming thin film with bulged front. The thickness of the film decreased 
as it advanced leeward. When the thickness of the film reached the minimum limitation defined 
in terms of surface tension and shear stress at water-air interface proposed by Al-Khalil et al. 
[27], the film front split into isolated rivulets. As time went on to t = t0 + 20 s, the rivulets 
stretched to the further downstream region with complicated and transient breaking and 
merging behaviors. Thicker ice structures were observed near the leading-edge region, i.e., the 
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direct impinging region. When t = t0 + 30 s, the ice/water accreted over the airfoil surface was 
continuously replenished by the subsequent water impingement and became thicker and thicker. 
As time went on to t = t0 + 40 s, the heads of the rivulets were found to freeze and became 
difficult to be stretched by the wind-driven boundary layer airflow. As time went on to t = t0 + 
50 s, the rivulet heads became thicker and wider. The icicles were found to be built up 
compactly along the leading edge of the airfoil model, hindering the consecutive water 
runback. Similar phenomena were observed in literatures [28,29]. 
Figure 3.6 also compares the dynamic icing processes under various airflow velocities. 
Similar dynamic icing processes were observed for the cases with higher velocities from 20 
m/s to 30m/s as aforementioned icing process with an oncoming velocity of 15 m/s. As time 
went on, more ice/water were found to be accreted over the airfoil model surface. In 
comparison with the case with an airflow velocity of 15m/s, the rivulets could run back to 
further downstream locations in the cases with higher inflow velocities. As the airflow velocity 
increased, more rivulets were observed and the ice/water structures were found to be flatter 
and thinner.  
3.3.2 Water Transport over Ice Roughness  
The runback water formed many isolated rivulets whose heads were found to stop 
moving leeward after a 30 second icing process. The dimension of the rivulets could be roughly 
represented by their width, height and length. Figure 3.7 shows the transverse profiles of the 
water/ice thickness in span-wise cross section at the 50% chord length (C) downstream location 
with various oncoming flow velocities from 15 m/s to 30 m/s. During the experiment, the same 
amount of water was used in all of the test cases with a fixed flowrate of 1000 mL/min. As 
shown in Figure 3.7, as the inflow velocity increased, the height/thickness and the width of the 
rivulets were found became much smaller. After a 50-second icing process, the rivulets were 
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prone to merge with their neighbors so that no obvious gaps could be observed. Table 3.2 lists 
more detailed information about the rivulets, including the averaged chord-wise location and 
averaged width. In comparison to the width in the case with an oncoming flow velocity of 15 
m/s, the averaged widths of rivulets in the cases with oncoming flow velocities of 20 m/s, 25 
m/s and 30 m/s were found to decrease by approximately 22%, 40%, and 51%, respectively. 
In the meanwhile, as the airflow velocity increased from 15 m/s to 20 m/s, the farthest chord-
wise locations of the rivulets increased from 66% C to 80% C. As the airfoil velocity continued 
increasing from 20 m/s to 25m/s and 30 m/s, the farthest chord-wise locations of the rivulets 
slightly increased from 80% C to 82% C and 83% C. Therefore, as the airflow velocity 
increases, the runback rivulets could reach farther downstream locations and in the meanwhile, 
the runback rivulets would became thinner and narrower, which mainly due to the variation in 
the aerodynamic stress acting on the rivulet flows. More explanations will be provided in the 
following section. 
Figure 3.8 shows the time evolution of the water/ice thicknesses over the pressure-side 
surface of the airfoil model with an airflow velocity of V∞ = 15 m/s. The thickness/height is 
the span-wise averaged height of the ice/water structures. The height was nondimensionalized 
by using the half of the maximum thickness of the airfoil model, i.e., s = 12.5% C. The stream-
wise location was also normalized by using the chord length of the airfoil model. When t = t0 
+ 5 s, the impinging water formed a thin water/ice layer around the leading-edge region of the 
airfoil model. The runback water, particularly a tiny bulge shape of rivulet head, was observed 
at approximately 0.4 C downstream position. At t = t0 + 10 s, the leading-edge water/ice 
thickness slightly increased and the runback rivulet driven by the airflow moved further 
downstream. As time went on, the rivulet with a budge head stretched to a farther downstream 
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location, and the ice accretion near the leading-edge region dramatically increased, which 
could be seen as the major two features of a dynamic glaze icing process. When t = t0 + 30 s, 
the contact line of the rivulet head was found to stay at a relatively fixed location, i.e., 
approximately 0.6 C location. The runback water continued accumulating on top of the ice 
layer, leading to a significant increment of the water/ice thickness over the airfoil surface. After 
a 50-second glaze icing process, it was found that more ice structures were accreted near the 
leading-edge region due to the direct impingement, i.e., large water collection efficiency, and 
the rivulet-head region due to the wind-driven runback water.  
Figure 3.9 compares the time evolutions of the thickness/height of the water/ice 
structures among the cases with various airflow velocities. As the airflow velocity increased, 
the contact line was found to be located at a farther downstream location. Near the leading-
edge region, the thickness of the ice/water was found to increase monotonously. In the 
meanwhile. As the airflow velocity increased, the water runback became more complicated, 
represented by the multiple peaks observed in Figure 3.9 (b), (c) and (d). One obvious peak 
was found to be located near 0.55 C in all of the cases. Another evident peak was observed 
farther downstream when the velocity was higher than 15 m/s. This phenomena was found to 
be mainly caused by the stumbling behavior of the rivulet flows. When velocity was 15 m/s, 
the aerodynamic force was not strong enough to overcome the surface tension, and the rivulets 
stopped at 0.55 C (rivulet head location). When the velocity was higher than 15 m/s, the 
aerodynamic force could make the rivulet move farther before freezing.  
In order to have a better understanding of the rivulet flow phenomena, following the 
work of Zhang and Hu [29], a force analysis was conducted to investigate the thickness of the 
relationship between the ice/water structures and the airflow velocity. The bulge shapes of the 
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runback rivulet heads could cause shape-induced aerodynamic stress when the rivulets were 
moving over the surface driven by the airflow. In a neutral equilibrium state, surface tension 
equals to the sum of aerodynamic drag and water static pressure [29], as shown in Eq. (3-3).  
c dF P F= +                                                                             (3-3) 
where Fc is the capillary force induced by surface tension, as given in Eq. (3-4), and P 
is the water static pressure due to the linear boundary flow within the water layer, which is 
negligible. Fd is the aerodynamic force that provides power for the runback water to move 
downstream, which is proportion to the square of airflow velocity, V∞2, as given in Eq. (3-5). 
(1 cos )cF Wσ θ= −                                                          (3-4) 
where W is the width of the rivulet, θ is the contact angle of the rivulet head, and σ is 
the surface tension. 
2 2
1 2
1 1
2 2d f a d a
F C V A C V Aρ ρ∞ ∞= ⋅ + ⋅                                   (3-5) 
where Cf is the friction coefficient, which equals to 0.027/Re1/7 and Re is the Reynolds 
number. In the present study, Cf  is quite small and negligible. Cd is the shape-induced drag 
coefficient, which equals to 0.6. A1 and A2 represent the friction drag effected area and the 
shaped-induced drag acting area, respectively. In the present study, these two areas are very 
similar and can be estimated by using Eq. (3-6).  
1 2 ( )rh rbA A H H W≈ = −                                                   (3-6) 
where Hrb and Hrh represent the height of the rivulet body and the height of the rivulet 
head, respectively.  
Based on the aforementioned equations, a relationship between the height/thickness of 
the rivulet flow and the airflow velocity was found, as shown in Eq. (3-7). The height 
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difference between the rivulet head and body was inversely proportional to the square of the 
airflow velocity.  
2
2 (1 cos )( )rh rb
a d
H H
C V
σ θ
ρ ∞
−
− =        (3-7) 
Figure 3.10 shows the comparison results of the force analysis model (i.e., Eq. (3-7)) 
and the DIP measurement data. The model was found to be able to show the general trend that 
the value of (Hrh-Hrb) would decrease as the velocity square increased. The force analysis 
model was found to slightly over estimate the value of (Hrh-Hrb), which might be caused by 
the accumulative effects of the accreted budged ice structures underneath the rivulets flows. 
More investigations will be conducted in the future work to provide more information towards 
the aforementioned results. 
3.3.3 Quantification of Ice Accretion  
To quantify the ice/water accreted over the airfoil surface during the icing process, the 
total amount of water and ice was calculated based on the DIP measurement data by using Eq. 
(3-8). The total amount of water and ice were nondimensionalized by the chord length and half 
of the maximum thickness of the airfoil model at each moment. In order to separate water from, 
a post processing of the DIP measurement data was conducted. Based on the thickness 
information of ice/water from two neighboring images, the differences of these two images 
were identified and calculated. The ice structures wouldn’t move during the icing process while 
the water would change due to the ambient airflow. Two methods were used in the calculation. 
In method I, all of the differences in the neighboring two images were counted, which might 
overestimate the amount of water. In method II, only the differences of the heights in ith image 
lower than those of the previous (i-1)th image were counted, which might underestimate the 
amount of water. The final amount of water was defined by the averaged value calculated based 
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on the aforementioned two methods. The amount of ice was the difference between the total 
amount of water and ice and the amount of water. The amount of water and the amount of ice 
were also nondimensionalized. Figure 3.11 shows the amount of water (Awater) and amount of 
ice (Aice) as a function of time. As the ice accretion time increased, the amount of ice linearly 
increased while the amount of water almost remained the same. The fitting curves for amount 
of water and amount of ice were also provided in Figure 3.11. The amount of water slightly 
increased as time went on, but the increments were quite small and negligible in comparison 
to the constant. 
( )
TE
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                             (3-8) 
3.4 Conclusions 
In the present study, an experimental investigation was conducted at the Icing Research 
Tunnel at Iowa State University (ISU-IRT) to quantitatively measure the dynamic icing 
process under glaze icing conditions. A digital image projection (DIP) technique was, for the 
first time, applied to measure the three-dimensional shapes of the ice structures and the water 
transport behaviors over the highly-cambered surface of a wind turbine airfoil model during 
dynamic glaze icing processes. The DIP measurements were found to be able to capture the 
time-resolved three-dimensional information of the water transport behaviors over the ice 
accreting surface of the airfoil model during the glaze icing processes very well. The stumbling 
motion of the rivulet flows were also observed during the icing processes, coupled with an 
increasing fluctuation induced by the underneath ice roughness. The forces acting on the rivulet 
flows were analyzed and based on that, a theoretical model was built to predict the rivulet 
flows. The effects of the airflow velocity on the glaze icing process was also comprehensively 
studied. It was found that, as the oncoming flow velocity increased, the runback rivulet flows 
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would move farther downstream and became thinner and narrower due to the increased 
aerodynamic stress acting on them. In addition, the amount of ice accreted over the airfoil 
surface during an icing process, as well as the water-to-ice ratio, was quantified as a function 
of ice accretion time. The data and conclusions derived from the present study can be used to 
validate and optimize the existing ice accretion/water transport models and to provide a 
fundamental insight to develop effective and economic anti-/de-icing strategies for wind 
turbines in cold and wet weathers. 
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Table 3.1  Test cases for the study of characterization of dynamic glaze ice accretion 
process. 
Case No. Velocity, V∞ 
[m/s] 
Temperature, T∞ 
[°C] 
LWC 
[g/m3] 
1 15 -5 6.7 
2 20 -5 5.0 
3 25 -5 4.0 
4 30 -5 3.3 
 
 
Table 3.2  Runback rivulet dimensions at various velocities. 
Airflow velocity  
[m/s] 
Averaged chord-wise location 
[% C] 
Averaged width at 50% C 
[% C] 
15 66 5.5 
20 80 4.3 
25 82 3.3 
30 83 2.7 
 
 
 
 
 
 
Figure 3.1  A photo of the water runback behavior taken at the beginning of a glaze icing 
process over a wind turbine blade surface. 
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Figure 3.2  A schematic diagram of the principle of DIP technique.  
 
 
Figure 3.3  A sketch of the experimental setup for the quantification of dynamic glaze icing 
process over an airfoil surface at ISU-IRT by using DIP technique. 
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Figure 3.4  Calibration map of the displacement-to-thickness factor (k).  
 
 
 
 
 
Figure 3.5  Acquired DIP images and the measurement result to quantify a glaze icing 
process over the DU91-W2-250 airfoil surface. (a) Reference image; (b) Deformed image 
modulated by water/ice structures; (3) DIP measurement result.  
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(a) V∞ = 15 m/s 
 
(b) V∞ = 20 m/s 
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(c) V∞ = 25 m/s 
 
(d) V∞ = 30 m/s 
Figure 3.6  Time evolutions of the dynamic glaze icing process over the airfoil surface with 
various incoming airflow velocities. (a) V∞ = 15 m/s; (b) V∞ = 20 m/s; (c) V∞ = 25 m/s; (d) V∞ 
= 30 m/s. 
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Figure 3.7  Transverse profiles of water/ice thickness in the span-wise cross section at 50% 
chord length (C) downstream location with various airflow velocities from 15 m/s to 30 m/s. 
 
 
 
Figure 3.8  Time evolutions of the water/ice thickness over the airfoil surface along the 
stream-wise direction when the airflow velocity is 15 m/s. 
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Figure 3.9  Comparison of the time evolutions of the water/ice thickness over the airfoil 
surface along the stream-wise direction among the cases with various airflow velocities from 
15 m/s to 30 m/s. 
 
Figure 3.10  Comparison between results derived from the force analysis model and the 
DIP measurement. 
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Figure 3.11  Amount of ice/water as a function of time. 
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Abstract 
An experimental study was conducted to characterize aerodynamic performance 
degradation of wind turbine blades induced by dynamic ice accretion process. The 
experimental study was performed in an Icing Research Tunnel with a turbine blade model 
under a typical glaze icing condition. Ice structures were found to accrete rapidly over both the 
upper and lower surfaces of the blade model after starting the ice accretion experiment. 
Irregular-shaped ice structures were found to disturb the airflow around the blade model 
greatly, resulting in large-scale flow separation and shedding of unsteady vortex structures 
from the ice accreting surface. The aerodynamic performance of the blade model was found to 
degrade significantly. The performance degradation induced by the ice accretion was found to 
be a strong function of the angle of attack of the blade model with more significant 
degradations at lower angles of attack. For the test case at the angle of attack of 5.0°, while the 
lift decreases to only ~12% of its original value after 600 seconds of the ice accretion 
experiment, the drag was found to increase 4.5 times correspondingly. The detailed flow field 
measurements were correlated with the aerodynamic force data to elucidate the underlying 
physics. 
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4.1 Introduction 
Wind energy is one of the most promising renewable energy sources for the massive 
production of electricity. U.S. Department of Energy has challenged the nation to produce 20% 
of its total power from wind by 2030. While the national average rate is only about 5.5% in 
2016, Iowa is leading the nation in wind power generation with 36.6% of the state’s total 
electricity from wind energy. While windy winter is the best season for wind energy harvest 
in the northern states like North Dakota, South Dakota, Minnesota, and Iowa, wind turbine 
icing represents the most significant threat to the integrity of wind turbines in cold winters. It 
has been found that ice accretion on turbine blades would decrease power production of the 
wind turbines significantly [1]. Ice accretion and irregular shedding during wind turbine 
operation would lead to load imbalances as well as excessive turbine vibration, often causing 
the wind turbine to shut off [2]. Icing can also affect the tower structures by increasing stresses. 
This can lead to structural failures, especially when coupled with strong wind loads [3]. The 
icing was also found to affect the reliability of anemometers, thereby, leading to inaccurate 
wind speed measurements and resulting in resource estimation errors [5]. Icing issues can also 
directly impact personnel safety due to falling and projected large ice chunks [5]. In severe 
icing events, wind turbines would have to be shut down for days or months to guarantee their 
safety and integrity [6]. The loss of annual energy production (AEP) due to icing was found to 
be in the range of 20% - 50% at harsh sites [7]. 
It is well known that, ice accretion on wind turbines can be either rime or glaze, 
depending on the ambient air temperatures, airflow velocities, and liquid water content (LWC) 
levels. In a dry regime, all the water collected in the impingement area freezes immediately to 
form rime ice. For a wet regime, only a fraction of the collected water freezes in the 
impingement area to form glaze ice and the remaining water runs back and can freeze outside 
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the impingement area [8,9]. Usually, the formation of rime ice is associated with colder 
temperatures, below -10 °C, lower liquid water contents, and smaller median volumetric 
diameters of the water droplets. Early rime ice accretion usually closely follows the original 
contour of the airfoil profiles due to the almost instantaneous freezing of the impinging water 
droplets; therefore, the aerodynamic performance penalties due to rime ice are not as severe as 
those of glaze ice. Formation of glaze ice is associated with warmer temperatures, above -10 
°C, higher liquid water contents, and larger median volumetric diameters [10]. The glaze is the 
most dangerous type of ice. Because of its wet nature, glaze ice form much more complicated 
shapes which are difficult to accurately predict, and the resulting ice shapes tend to 
substantially deform the accreting surface with the formation of “horns” and larger “feathers” 
growing outward into the airflow [6,11,12]. Glaze ice formation will severely decrease the 
airfoil aerodynamic performance by causing large scale flow separation which produces 
dramatic increases in drag and decreases in the lift [13], which can cause a dramatic reduction 
in the power generation of wind turbines.  
While several anti-/de-icing systems have been developed for wind turbine icing 
mitigation, almost all the current anti-/de-icing strategies were originally designed for aircraft 
anti-/de-icing application. Many special issues related to wind turbine icing phenomena have 
not been properly considered in adopting those aircraft-orientated anti-/de-icing techniques for 
wind turbine icing mitigation. For example, the optimized airfoil shapes used to design wind 
turbine blades usually have much greater airfoil thickness and blunter leading edge than those 
used to design aircraft wings.  The significant differences in the airfoil profile shapes, 
especially in the regions near the airfoil leading edges, are expected to greatly affect the flying 
trajectories and subsequent impingement of super-cooled water droplets carried by the 
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incoming airflow, thereby, change the ice accretion process over the airfoil surfaces 
significantly. Furthermore, polymer-composite-based turbine blades have very different 
surface properties (e.g., thermal conductivity) in comparison with those of metal-based aircraft 
wings. The effects of the significant difference in the thermal conductivity between the metal-
based aircraft-wings (i.e., >200 W/mK) and the polymer-composite-based wind turbine blades 
(i.e., < 0.5~1.0 W/mK) on the ice formation and accretion processes have not been fully 
explored. In addition, wind turbines operate much closer to sea level than airplanes, thereby, 
are more prone to encounter with freezing rain and other low altitude, high liquid-water-
content environments (such as ocean spray). Therefore, it is highly desirable to develop 
innovative, effective anti-/de-icing strategies tailored for wind turbine icing mitigation to 
ensure safer and more efficient operation of wind turbines in atmospheric icing conditions. 
Doing so requires a keen understanding of the underlying physics pertinent to wind turbine 
icing phenomena, both for the ice accretion process itself as well as for the resultant 
aerodynamic performance degradation of the ice accreting turbine blades. 
In the present study, a comprehensive experimental study is conducted to investigate 
the dynamic ice accreting process over the surfaces of typical wind turbine blades and quantify 
the resultant aerodynamic performance degradation of the turbine blade s during the dynamic 
ice accreting process. The experiment study is performed in an Icing Research Tunnel available 
at Iowa State University (i.e., ISU-IRT) under a typical glaze ice accretion condition. A 
polymer-composite-based turbine blade section model with most-commonly-used DU91-W2-
250 airfoil profile in the cross section is manufactured and used for the ice accretion experiment 
under a typical glaze icing condition. The effects of the angle of attack (i.e., AoA) of the test 
model related to the incoming airflow and the airborne super-cooled water droplets on the 
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dynamic ice accretion process and the resultant aerodynamic performance degradation 
characteristics are examined during the ice accretion process. While a high-speed imaging 
system is used to record the dynamic ice accretion process over the surface of the turbine blade 
model, the unsteady aerodynamic forces (i.e., both lift and drag) acting on the ice accreting 
airfoil model are measured by using two sets of high-sensitive force/moment measurement 
systems amounted at two ends of the test model. A high-resolution Particle Image Velocimetry 
(PIV) system is also synchronized with the aerodynamic force measurements to characterize 
the behavior of the turbulent airflow over the ice accreting airfoil model. The detailed PIV flow 
field measurements are correlated with the dynamic aerodynamic force data to gain further 
insight into the underlying physics for a better understanding about the effects of ice accretion 
process on the performance of the wind turbines when operating in cold weathers. It should be 
noted that, while several previous studies have been carried out recently to simulate ice 
accretion on turbine blades through icing wind tunnel testing [14] or using ‘‘artificial’’ iced 
profiles with various types and amounts of ice accretion to investigate the aerodynamic 
performance of iced blades [3,5,15], the experimental work presented here is believed to be 
the first to examine the dynamic ice accretion process over the surface of a polymer-composite-
based turbine blade model and to characterize the resultant aerodynamic performance 
degradation of the turbine blade model in the course of the ice accreting process.  
4.2 Experimental Setup and Test Model 
4.2.1 Icing Research Tunnel 
The ice accretion experiments were performed in an Icing Research Tunnel available 
at Iowa State University (i.e., ISU-IRT). As shown schematically in Figure 4.1, ISU-IRT is a 
research-grade multifunctional icing tunnel with a transparent test section of 0.40 m × 0.40 m× 
2.0 m in size. An axial fan was used to drive the airflow cycling inside the tunnel with the wind 
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speed in the test section up to 60 m/s. The tunnel is refrigerated via a heat exchanger, which is 
chilled by a 30-kW compressor (VilterTM). The airflow inside ISU-IRT can be cooled down to 
-25 °C. An array of 8 pneumatic atomizing spray nozzles (Spraying Systems Co., 1/8 NPT-
SU11) along with pressure regulators was installed at the entrance of the contraction section 
of ISU-IRT to inject micro-sized water droplets (i.e., MVD = ~20 µm) into the airflow. The 
flow rate of the water injected into the tunnel was measured directly by using a digital flow 
meter (Omega, FLR-1605A). By manipulating the pressure regulators on the air and water 
supply pipelines of the spray nozzles, the mass flow rate of the water injected into ISU-IRT, 
thereby, the liquid water content (LWC) of the airflow inside the tunnel, can be adjusted. In 
summary, ISU-IRT can be operated over a range of test conditions, i.e., from very dry rime ice 
(e.g., LWC ≈ 0.1 g/m3) to extremely wet glaze ice (LWC > 5.0 g/m3), to duplicate/simulate 
atmospheric icing phenomena over a range of icing conditions [8,9,16–20]. Further 
information about the technical parameters of ISU-IRT is available at 
http://www.aere.iastate.edu/icing/ISU-IRT.html. 
4.3.2 Turbine Blade Model 
In the present study, a widely-used, wind turbine dedicated airfoil profile, DU91-W2-
250, was selected to make a wind turbine blade section model for the ice accretion experiments. 
As shown schematically in Figure 4.1, the DU91-W2-250 airfoil, which is a cambered airfoil 
with a blunt trailing edge and a maximum thickness of 25% chord length, is known for its 
favorable aerodynamic performance and strong structural strength for wind turbine 
applications. DU91-W2-250 airfoil profile has been commonly used as in-board, mid-span and 
out-board airfoil geometry for wind turbines of various scales [21,22].  
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Since modern wind turbine blades are mainly made of polymer-composite materials, a 
polymer-composite-based DU91-W2-250 airfoil model was manufactured by using a rapid 
prototyping machine (i.e., 3D printer) for the ice accretion experiments of the present study. 
The surface of 3-D printed airfoil model was coated with several layers of spray-on primer, 
and then wet-sanded by using fine sandpapers (i.e., up to 2000 grit) to achieve a very smooth, 
glossy finish with about 25 μm in the characteristic roughness over the surface. Finally, a 
readily available all-weather protective spray-on enamel (RustoleumTM, Flat Protective 
Enamel, black in color) was coated onto the sanded surface. Supported by a stainless-steel rod, 
the test model was mounted at its quarter-chord and oriented horizontally in the middle of ISU-
IRT test section, as shown in Figure 4.1. The angle of attack (AoA) of the DU91-W2-250 
airfoil model was adjustable by pivoting the test model about the supporting rod and fixing it 
at the desired angles as measured with a digital inclinometer. 
4.2.3 Controlling Parameters of the Test Cases 
As described above, in comparison to rime ice accretion, glaze ice accreted over the 
surfaces of wind turbine blades has been found to be more problematic and could degrade the 
aerodynamic performance of the turbine blades more significantly, thereby, resulting in a more 
dramatic reduction in the power generation of the wind turbines [13]. Therefore, a typical glaze 
ice accretion scenario was selected in the present study in characterizing the aerodynamic 
performance degradation of the wind turbine blades under more severe icing conditions. More 
specifically, the controlling parameters in the ISU-IRT were set as the incoming airflow 
velocity of V∞ = 40.0 m/s; airflow temperature of T∞ = -5.0 ℃; and liquid water content (LWC) 
level of LWC = 1.1 g/m3. The corresponding chord Reynolds number of the turbine blade 
model is approximately 4.2×105 under such test conditions. 
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In the present study, the effects of ice accretion were examined by comparing the 
measured aerodynamic performance of the turbine blade model in two different situations, i.e., 
1) the “clean” test case without any ice accretion over the surface of the test model as the 
comparison baseline; and 2) “icing” test case with ice being accreted over the surface of the 
test model during the ice accretion process. Table 4.1 summarizes the controlling parameters 
of the ice accretion experiment of the present study. During the experiments, the angle of attack 
(i.e., AoA) of the test model was changed at AoA = 5°, 10° and 15° to represent three typical 
operating conditions of the wind turbine blade model, i.e., the maximum lift-to-drag-ration 
condition, the maximum lift condition, and a typical post-stall condition, respectively. Based 
on the work described in Kiefer et al. [23], Harper [24] and Nilanjan [25], the statistics of the 
ice accretion process and corresponding flow field characteristics over the turbine blade model 
are expected to be mainly two-dimensional with the experimental settings of the present study. 
4.2.4 Measurement Systems Used for the Ice Accretion Experiments 
As shown schematically in Figure 4.1, a high-resolution imaging system (i.e., PCO 
Tech, Dimax Camera, 2K pixels × 2K pixels in resolution) along with a 60 mm Macro-lens 
(Nikon, 60 mm Nikkor 2.8D) was used in the present study to record the dynamic ice accreting 
process over the surface of the turbine blade model. The camera was positioned normal to the 
airfoil chord of the test model. Low-flicker illumination was provided by a pair of 150 W fiber-
coupled halogen lamps (AmScope, HL250-AS).  
In addition to acquiring the ice accretion images, two sets of high-sensitive, multi-axis 
force-moment transducers (i.e., ATI-IA Mini 45) were mounted at two ends of the turbine 
blade model to measure the unsteady aerodynamic loads (i.e., lift and drag) action on the test 
model during the dynamic ice accreting process. The force/moment transducers are composed 
of foil strain gage bridges, which can measure the forces on three orthogonal axes, and the 
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moment (torque) about each axis. The precision of the force-moment transducer for force 
measurements is ± 0.25% of the full range (40 N). During the experiments, the force/torque 
transducers were synchronized via a 16-bit data acquisition system (NI USB-6218) for the data 
acquisition up to 1000 Hz. The measurement results of the force/moment transducers were 
used to determine the aerodynamic performance of the turbine blade model in the terms of the 
lift and drag coefficients (i.e., CL and CD), which are defined as 21/ ( )
2L L a
C F V Sρ ∞=   and
21/ ( )
2D D a
C F V Sρ ∞= , where, FL and FD are the lift and drag forces acting on the test model, ρ is 
the density of air, V∞ is the velocity of the incoming airflow, S is the relevant surface area of 
the test model (i.e., S C L= ⋅  with C being the chord length and L being the span-wise length 
of the test model), respectively. The gaps between the ends of the test model and the adjacent 
walls of wind tunnel were carefully controlled to be less than 0.10% of the span-wise length 
of the test model, which is smaller than the recommended value of 0.20% given in Nilanjan 
[25]. Therefore, based on the work of Nilanjan [25], the measurement uncertainty caused by 
the gaps between the model ends and the walls of the wind tunnel is believed to be negligible 
(i.e., < 2%) for the present study. The effects of the model blockage, the wind tunnel walls and 
wake interferences on the measurement results were also calibrated by using the methods 
described in Pope and Harper [24].  
Since the airfoil model was mounted horizontally (i.e., in parallel to the direction of the 
incoming airflow) in ISU-IRT during the ice accretion experiment, while the drag force, FD, 
can be measured directly by adding the measured values of the horizontal components of the 
aerodynamic forces acting on the test model, the lift force, FL,  would be coupled with the 
weight of the ice accreted over the test model to contribute to the vertical components of the 
dynamic forces measured by the force-moment transducers. To decouple the weight of the ice 
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accreted on the test model from the lift force measurements, a pilot experiment was designed 
in the present study to quantify the weight changes of the test model due to the ice accreted as 
a function of the ice accretion time. For the pilot experiment, while ISU-IRT was operated 
under the same icing condition as the ice accretion experiment, the weight of the test model 
was measured every 100 seconds after starting the ice accretion experiment (i.e., the ISU-IRT 
was switched off temporarily to measure the weight of the iced airfoil model). With the 
relationship between the weight of the ice accreted over the test model and the ice accretion 
time obtained through the pilot experiment, time evolution of the lift force acting on the ice 
accreting airfoil model were determined by subtracting the weight of the ice accreted on the 
test model from the measured vertical components of the dynamic forces acting on the turbine 
blade model. It was found that, after 600 seconds of the ice accretion process, the weight of 
the ice accreted over the airfoil model could reach up to ~10% of the measured lift force for 
the test case with the test model at 10 ° angle of attack of being (i.e., AoA = 10 °). Under each 
icing condition, the experiments were repeated multiple times (3 ~ 5 times), and the measured 
lift and drag coefficients obtained under the same icing conditions were compared 
quantitatively. It was found that, the variations of the measured lift and drag coefficients under 
the same icing conditions were less than ~5% and ~8%, respectively. 
In the present study, a high-resolution PIV system was also used to achieve flow field 
measurements to quantify the turbulence airflow over the airfoil surface of the turbine blade 
model during the dynamic ice accreting process. Figure 4.2 shows the schematic of the 
experimental setup used for PIV measurements. For the PIV measurements before and after 
the ice accretion process, the incoming airflow was seeded with ∼ 1 µm oil droplets by using 
a smoke generator, while the airborne super-cooled water droplets were used as the tracer 
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particles for the PIV measurements during the ice accretion process. It should be noted that, 
since the super-cooled water droplets suspended in the incoming airflow have a mean volume 
diameter (MVD) of ~ 20 μm, the corresponding Stokes number of the water droplets was 
estimated to be about 1.0 (i.e., St ≈ 1.0), indicating a reasonable dynamic response of the 
droplets to follow the incoming airflow. The illumination of for the PIV measurements was 
provided by a double-pulsed Nd: YAG laser (i.e., New Wave, Gemini PIV 200) adjusted on 
the second harmonic and emitting two pulses of 200 mJ at the wavelength of 532 nm. A set of 
convex and concave cylindrical lenses along with optical mirrors were used to generate a laser 
sheet to illuminate the PIV tracers in the vertical plane passing through the middle span of the 
test model. The thickness of the laser sheet in the measurement region was set to be about 1.0 
mm. A high-resolution 16-bit digital camera (2K pixels × 2K pixels, PCO2000, CookeCorp) 
was used for PIV image acquisition with the axis of the cameras perpendicular to the laser 
sheet. The digital camera and the double-pulsed Nd: YAG laser were connected to a 
workstation (host computer) via a digital delay generator (Berkeley Nucleonics, Model 565), 
which controlled the timing of the laser illumination and the image acquisition.  
After PIV image acquisition, instantaneous PIV velocity vectors were obtained by a 
frame to frame cross-correlation technique involving successive frames of patterns of particle 
images in an interrogation window of 32 × 32 pixels. An effective overlap of 50% of the 
interrogation windows was employed in PIV image processing, which results in a spatial 
resolution of 2.0 mm × 2.0 mm for the PIV measurements. After the instantaneous velocity 
vectors were determined, the ensemble-averaged flow quantities were obtained from the 
instantaneous PIV measurements. In the present study, a cinema sequence of over 1,000 frames 
of instantaneous PIV image pairs was obtained to ensure a good convergence of the ensemble-
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averaged flow statistics based on the PIV measurements. The measurement uncertainty level 
for the instantaneous PIV velocity measurement is estimated to be within 2.0%. 
4.3 Measurement Results and Discussion 
4.3.1 Quantification of the Aerodynamic Characteristics of the “Clean” Test Model 
In the present study, the aerodynamic characteristics of the “clean” turbine blade 
section model (i.e., without any ice accretion over the surface the test model) were measured 
before performing ice accretion experiment, which is used as the baseline to evaluate the 
effects of the ice accretion on the aerodynamic performance degradation of the test model. 
Figure 3 shows the measurement results in the terms of the lift and drag coefficients of the 
“clean” DU91-W2-250 airfoil model of the present study at the chord Reynolds number of Re 
= 4.2×105. The experimental data for the same DU91-W2-250 airfoil obtained by the research 
team at TU Delft at a higher chord Reynolds number of Re = 7.0×105 [21,22,26] are also plotted 
in the same graph for quantitative comparisons. It should also be noted that, while the 
experiments of the present study were performed in ISU-IRT with a relatively high turbulence 
level (i.e., approximately 3.0% in the incoming airflow due to the existence of the water spray 
system installed in ISU-IRT), the measurement results of TU Delft team were obtained in a 
much quiet wind tunnel with a much lower turbulence level (i.e., ~ 0.1%) as described in 
Timmer et al. [21]. It can be seen clearly that, the two sets of measurement data for the airfoil 
lift coefficients agree with each other well at the angles of attack before airfoil stall, i.e., at 
AoA < 10°. As the angle of attack increases beyond the airfoil stall angle, the two lift curves 
start to diverge, as shown clearly in Figure 4.3. Unlike to those of the measurement results 
reported in Timmer et al. [21] at the higher Reynolds number of Re = 7.0×105, the measured 
lift data of the present study reveals a much more flattened lift curve at the higher angles of 
attack (i.e., greater than the airfoil stall angels of AoA > 11 °). Since the lower chord Reynolds 
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number and the higher turbulence level in ISU-IRT would promise a more intense energy 
exchange between the high-momentum freestream flow and the boundary layer flow near the 
airfoil surface, it contributes to a much gentle airfoil stall, as revealed from the measured lift 
data given in Fig. 3. It should also be noted that, the higher turbulence level in ISU-IRT would 
induce intensified viscosity, thereby, larger skin friction acting on the airfoil surface, as 
described in Yep et al. [27] and Wang et al. [28]. Therefore, the measured drag coefficients of 
the present study (i.e., ~ 3.0% turbulence level in the incoming airflow) were found to be 
slightly greater than those reported by Timmer et al. [21] with a much lower turbulence level 
(i.e., only ~0.1%) in the incoming airflow. 
4.3.2 High-speed Imaging of the Dynamic Ice Accreting Process over the Test Model 
After measuring the aerodynamic characteristics of the “clean” turbine blade model, 
the refrigeration system of ISU-IRT was switched on in order to characterize the aerodynamic 
performance degradation of the same test model induced by the ice accretion. To perform the 
ice accretion experiment, ISU-IRT was operated at a pre-scribed frozen-cold temperature level 
(e.g., T∞ = -5 ºC for the present study) for at least 20 minutes under a dry operation condition 
(i.e., without turning on the water spray system) to ensure that ISU-IRT reached a thermal 
steady state. After switching on the water spray system, the super-cooled water droplets carried 
by the frozen-cold airflow would impinge onto the surface of the test model to start the dynamic 
ice accreting process.  
Figure 4.4 and Figure 4.5 show the typical snapshots of the acquired images to reveal 
the dynamic ice accreting process on the both upper and lower surfaces of the turbine blade 
model as a function of the time after switching on the water spray system of ISU-IRT at the 
time instance of t = t0 with the test model at AoA = 5°, 10°, and 15°, respectively. As described 
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above, under the icing test condition of the present study (i.e., V∞ = 40 m/s, T∞ = −5°C, and 
LWC = 1.1 g/m3),  the ice accretion over the surface of the test model is expected to be of a 
typical glaze icing process (i.e., with obvious surface water runback process and formation of 
transparent ice structures), as described in the studies of Waldman and Hu [29] and Liu et al. 
[8]. 
As revealed clearly from the acquired ice accretion images given in Figure 4.4 and 
Figure 4.5, upon the impingement of the super-cooled water droplets carried by the incoming 
airflow, ice formation and accretion were found to occur very rapidly on both the suction side 
(i.e., upper surface) and pressure side (i.e., lower surface) of the test model. As expected, the 
ice accretion process was found to occur initially within the direct impingement zone of the 
super-cooled water droplets, i.e., within a narrow region near the stagnation line of the airfoil 
as described by Papadakis et al.[30]. Under such a rather wet icing condition used in the present 
study, with a large number of super-cooled water droplets impinging onto the airfoil surface, 
tremendous latent heat of fusion would be released associated with the rapid solidification of 
the impacted water mass over the airfoil surface. As described in Liu et al. [8], since the heat 
transfer process over the airfoil surface under such a wet icing condition would not be able to 
remove/dissipate all the released latent heat of fusion immediately, only a portion of the 
impinged water droplets would be solidified and turn into ice upon impact, while the rest of 
the impinged water mass would stay in a liquid state, and was able to flow freely over the 
airfoil surface. As driven by the boundary layer airflow over the airfoil surface, the unfrozen 
surface water would run back along the airfoil surface to form rivulet flows, as described in 
Zhang et al. [18]. The rivulet flows of the runback surface water were found to be frozen into 
ice eventually at the further downstream locations, i.e., beyond the direct impact zone of the 
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super-cooled water droplets near the airfoil leading edge. As a result, rivulet-shaped ice 
structures were found to become the dominant features of the ice accretion over both the upper 
and lower surfaces of the turbine blade mode, as shown clearly in Figure 4.4 and Figure 4.5. 
In the present study, with the test model being mounted at AoA = 5 °, 10 °, and 15 ° 
during the ice accretion experiment, the stagnation line on the airfoil surface would be located 
on the pressure-side (i.e., lower surface) of the test model. Therefore, there will be much more 
super-cooled water droplets impinging onto the lower surface of the test model than those on 
the airfoil upper surface. Corresponding to the much greater amount of the water mass 
collected on the lower airfoil surface during the ice accretion experiment, much more rivulet-
shaped ice structures were observed to accrete over the pressure-side (i.e., lower surface) of 
the turbine blade model, in comparison with those over the suction-side (i.e., upper surface) of 
the test model.  
By comparing the test cases with the test model at different angles of attack, it can be 
seen clearly that, with increasing angle of attack of the test model, while the total amount of 
the ice structures accreted over the suction-side (i.e., upper surface) of the test model were 
found to become less and less, more and more rivulet-shaped ice structures were found to 
accrete over the pressure-side (i.e., lower surface) of the test model. This can be explained by 
the fact that, as the angle of attack of the test model increases, the stagnation line over the 
airfoil surface would move further downstream over the lower surface of the test model (i.e., 
moving further away from the airfoil leading edge). As a result, more and more super-cooled 
droplets would impinge directly over the airfoil lower surface, instead of the upper surface of 
the turbine blade model.  The acquired ice accretion images given in Figure 4.5 also revealed, 
while most of the accreted ice structures were found to concentrate near the airfoil leading edge 
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at relatively low angles of the attack (i.e., AoA= 5° and 10°), some tiny ice features were also 
observed to accrete over the pressure-side of the airfoil surface near the trailing edge at 
comparatively larger angle of attack (e.g., AOA = 15°). This is believed to be caused by the 
fact that, with the test model being at relatively large angles of attack (e.g., AOA = 15°), some 
of the airborne, super-cooled water droplets would be able to impinge directly onto the 
pressure-side surface in the region near the airfoil trailing edge. Furthermore, the flow 
separation and the shedding of the vortex structures from the airfoil trailing edge at relatively 
large angles of attack (e.g., AOA = 15°) would also contribute the ice formation/accretion near 
the airfoil trailing edge as shown in Figure 4.5(c). 
It should be noted, while majority of ice accretions were found to occur over the lower 
surface of the test model, the irregular-shaped ice structures accreted over the upper surface of 
the test model would cause significant disturbances to the incoming airflow and cause large-
scale flow separation over the upper surface of the test model, resulting in tremendous 
degradation in the aerodynamic performance of the test model. The formation of the large-
scale flow separation zone, as well as generation and shedding of unsteady vortex structures 
induced by the ice accretion over the upper surface of the test model, were visualized clearly 
from the PIV measurement results, as shown in the next section. 
4.3.3 PIV Measurements to Quantify the Airflow over the Test model during the 
Dynamic Icing Process 
As described, a high-resolution digital PIV system was used in the present study to 
quantify the transient behavior of the airflow field over the surface of the test model during the 
dynamic icing process. Figure 4.6 shows some typical instantaneous PIV measurement results 
to reveal the dynamic changes of the turbulent airflow over the ice accreting surface of the test 
model under the icing test conditions of V∞ = 40.0 m/s, T∞ = -5.0 ℃, and LWC = 1.1 g/m3. 
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As shown clearly in Fig. 6(a), before starting the ice accretion process, i.e., at time of t 
= t0 + 0s, the incoming airflow was found to conform well to the streamlined profile of the 
turbine blade model when the test model was mounted at AoA =10° (i.e., smaller than the 
airfoil stall angle). Shortly after the ice accretion process starts, e.g., at the time of t = t0 + 25 
s, while evident ice structures were found to accrete over both upper and lower surfaces of the 
test model, the irregular-shaped ice structures accreted over the airfoil surface would affect the 
development of the boundary layer flow over the test surface significantly, resulting in the flow 
separation over the airfoil surface near the airfoil trailing edge, as revealed clearly in Fig. 6(b). 
As the time goes by, with more super-cooled water droplets impinging onto the airfoil surface, 
the irregular-shaped ice structures accreted over the test model were found to grow up rapidly, 
extruding further into the incoming airflow. As a result, the flow separation zone formed over 
the airfoil surface was found to expand further upstream and become bigger and bigger, as 
shown clearly from the PIV measurement results in Figure 4.6(c) and Figure 4.6(d). In addition 
to the formation of the large-scale flow separation, unsteady vortex structures were also found 
to be generated and shedding periodically from the ice accreting airfoil surface. With 
continuous growth of the ice structures over the test model at later time of the ice accretion 
process, e.g., after the time of t = t0 + 150 s, while generation and shedding of unsteady vortex 
structures from the ice accreting airfoil surface became much more obvious, the large-scale 
flow separation zone over the airfoil surface was found to become so big that almost cover the 
entire upper surface of the test model, as shown clearly in Figure 4.6(d), Figure 4.6(e) and 
Figure 4.6(f). It indicates that, the airflow over the test model, which was originally in attached 
flow regime as shown clearly in Figure 4.6(a), would become in airfoil stall state, due to the 
significant ice accretion over the airfoil surface. The formation and expansion of the large-
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scale flow separation zone over the airfoil surface as induced by the ice accretion would cause 
a dramatic degradation on aerodynamic performance of the turbine blade model (i.e., 
significant lift decreasing and rapid drag increasing), which was confirmed quantitatively from 
the aerodynamic force measurement results to be presented in next section. 
In the presents study, PIV measurements were also used to reveal the significant 
changes of the ensemble-averaged airflow characteristics induced by the ice accretion over the 
test model at different angles of attack. Figure 4.7 shows the ensemble-averaged flow velocity 
distributions over the test model before ice accretion experiment (i.e., the test case with “clean” 
test model) and “after” 200 seconds of the ice accretion process under the glaze icing condition 
of V∞ = 40.0 m/s, T∞ = -5.0 ℃, and LWC = 1.1 g/m3 with the test model at AoA = 5 °, 10 °, 
and 15 °, respectively. It can be seen clearly that, for the test cases with the angle of attack is 
relatively small, i.e., smaller the airfoil stall angle of AoA ≈ 11° as revealed in Fig.2, the 
incoming airflow was found to be quite compliant as flowing over the test model, i.e., the 
streams of the incoming airflow would flow smoothly along with the streamlined profile of the 
“clean” airfoil model, as shown clearly in Figure 4.7(a) and Figure 4.7(c). Since significant 
amounts of irregular-shaped ice structures were found to accrete over the airfoil surface after 
200 seconds of the ice accretion experiment, as shown in Fig.4 and Fig.5, the ice accretion 
would disturb the development of the boundary layer airflow over the airfoil surface greatly. 
As a result, the incoming airflow was found to separate from the airfoil upper surface at the 
downstream location of ~ 50% chord length for the test case of AoA = 5 °, resulting in a large-
scale flow separation zone over the upper surface of the test model, covering almost half of the 
airfoil surface, as shown clearly in Figure 4.7(b). For the test case of AoA = 10 °, due to the 
existence of the irregular-shaped ice structures accreted around the airfoil leading edge, the 
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incoming airflow were found to be detached from the airfoil surface at an upstream location 
near the airfoil leading edge, resulting in a very large flow separation zone covering almost 
entire upper surface of the test model, as shown clearly in Figure 4.7(d). Formation of such a 
big flow separation zone over the upper surface of the test model is suggested to be responsible 
for the dramatic lift decrease and drag increase for the iced airfoil model revealed from the 
aerodynamic force measurements to be discussed in next section.  
As the angle of attack of the test model was further increased to AoA = 15 °, since it is 
beyond the stall angle for the “clean” airfoil model, an evident flow separation zone was 
observed near the trailing edge of the “clean” airfoil model, as shown clearly in Fig. 9(e). As 
shown in Figure 4.4 and Figure 4.5, with the test model being at the relatively high angles of 
attack AoA = 15 °, ice structures were found to accrete mainly on the pressure-side (i.e., lower 
surface) of the test model, and only a small amount of ice would accrete on the airfoil upper 
surface. As a result, as shown in Figure 4.7(f), even though the flow separation zone sitting 
over the upper surface of the “iced” test model was found to enlarge substantially in 
comparison to that of the “clean” test model case, the size and the covering range of the flow 
separation zone were found to be smaller than those of the AoA = 10 ° case. It indicates that, 
the aerodynamic performance degradation of the test model induced by ice accretion could be 
more significant for the test cases with relatively smaller angles of attack, which were verified 
more quantitatively based on the aerodynamic force measurements to be presented in next 
section.  
4.3.4 Aerodynamic Force Measurements of the Test Model during the Ice Accreting 
Process 
As described above, the aerodynamic forces (i.e., lift and drag) acting on the turbine 
blade model were also measured during the ice accreting process by using two sets of high-
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sensitive, multi-axis force-moment transducers (i.e., ATI-IA Mini 45) mounted at the two ends 
of the test model. Figure 4.8 shows the time evolutions of the instantaneous measurement 
results of the aerodynamic forces (i.e., in terms of lift and drag coefficients) during the dynamic 
ice accretion process with the test model being set at AoA = 5 °, 10 °, and 15 °, respectively. 
While the instantaneous aerodynamic forces (i.e., lift and drag) acting on the test model were 
measured at a data acquisition rate of 350 Hz, the moving-averaged results were also given in 
the plot, which was obtained by averaging the instantaneous force measurement data over 
every 2.0 seconds in duration. Corresponding to the aerodynamic force measurements, the 
acquired snapshot images of the dynamic ice accreting process and the PIV measurements of 
the airflow over the surface of the turbine blade model were described above and shown in 
Figure 4.4 to Figure 4.7. 
As shown clearly in Figure 4.8(a), with the test model being at a relatively small angle 
of attack, i.e., at AoA = 5 °, while the lift coefficient of the turbine blade mode was found to 
be approximately CL = 1.0 before starting the ice accretion process, the corresponding drag 
coefficient is relatively small, i.e., CD = 0.05. Upon switching on the water spray system of the 
ISU-IRT at the time instance of t = 0 s, the airborne super-cooled water droplets would impinge 
onto the surface of the test model to start the ice accretion process over the airfoil surface 
immediately. As aforementioned, the ice structures were found to accrete not only within the 
direct impingement zone near the airfoil leading edge, but also at further downstream locations 
over the airfoil surface due to the surface water runback under such a glaze icing condition. As 
a result, the lift force acting on the test model was found to decrease rapidly, while the drag 
force increases monotonically, as the time increases. It can also be seen that, after about 100 
seconds of the ice accretion experiment, the decreasing rate of lift force was found to become 
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more moderate, while the fluctuation amplitudes of the instantaneous aerodynamic forces 
acting on the test model were found to increase gradually, as indicated by the much wider 
fluctuating margins of the instantaneous lift and drag data given in Figure 4.8(a). The rapid 
decrease of the lift force in the early stage of the icing process, i.e., t ≤ 100 s, was believed to 
be caused by the formation of the initial ice roughness and fast runback of the surface water to 
form irregular-shaped ice features over the airfoil surface at the beginning of the ice accretion 
process. Since the irregular-shaped ice structures accreted over the airfoil surface would 
dramatically change the streamlined profile of the test model, the streamlines of the incoming 
airflow were found to separate from the airfoil surface, resulting in the formation of large-scale 
flow separation zone over the surface of the test model, as revealed clearly from the PIV 
measurement results described above. After a certain time of the ice accretion process, e.g., t 
> 100 s for this test case of AoA = 5 °, most of the front surface of the test model (i.e., the 
region near the airfoil leading edge) was found to be covered by the accreted ice layer, as 
shown clearly in Figure 4.4 and Figure 4.5. As the ice accretion process continues, while the 
ice layer accreted around the airfoil leading edge became thicker and thicker and extruded 
further outward into the incoming airflow, the degradation of the aerodynamic performance 
(i.e., the lift reduction and drag increase) at the later stage of the ice accretion process was 
mainly caused by the continuously increasing of the large-scale flow separation over the airfoil 
surface induced by thicker and thicker ice layer accreted around the airfoil leading edge. The 
larger fluctuating amplitudes of the instantaneous aerodynamic forces (i.e., both lift and drag) 
acting on the test model in the later stage of the ice accretion process are believed to be closely 
related to the generation and shedding of unsteady vortex structures induced by the irregular-
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shaped ice structures accreted over the airfoil surface, as revealed clearly from the 
instantaneous PIV measurement results given in Figure 4.6.  
As the angle of attack of the airfoil model increases to AoA = 10 °, the evolution 
characteristics of the measured lift and drag profiles were found to be very similar to those 
described above for the test case of AoA = 5 °. As shown clearly in Figure 4.8(b), the early 
stage of ice accretion process with rapid lift decreasing rate was found to end at t ≈ 150 s, when 
the decreasing rate of the lift was found to slow down slightly for this test case. As the ice 
accretion process continues, corresponding to the more complex airflow characteristics (i.e., 
flow separation and shedding of unsteady vortex structures) induced by the ice accretion over 
the airfoil surface, the fluctuating amplitudes of the instantaneous aerodynamic forces acting 
on the test model were found to increase substantially, in comparison with those of the test 
case of AoA = 5 °. With more and more ice structures accreted over the turbine blade model, 
the drag force acting on the test model was found to increase almost linearly with the ice 
accretion time, as shown in Figure 4.8(b).  
When the angle of attack of the test model was further increased to 15 ° (i.e. AoA = 15 
°), even for the “clean” test model would be in a stall state for this test case, as shown in Fig. 
3. A large-scale flow separation zone would be formed over the upper surface of the test model 
even before the icing experiment started. As shown clearly in Figure 4.4 and Figure 4.5, while 
the ice accretion would mainly occur on the pressure side (i.e., lower surface) of the airfoil 
model, only a small amount of ice would accrete near the airfoil leading edge on the suction 
side (i.e., upper surface) of the airfoil surface, which would enlarge the flow separation over 
the upper surface of the test model slightly. As a result, no sharp decrease of the lift was found 
for this case at the beginning of the ice accretion process. Instead, a gradual lift degradation 
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was observed throughout the entire ice accretion process, as shown in Figure 4.8(c). This 
observation is quite different from those of the test cases with relatively lower angles of attack 
(i.e., lift was found decrease rapidly at the initial stage of the icing process, and then turn to a 
much moderate decreasing rate at the later time of the ice accretion process). It can also be 
seen clearly that, the drag coefficient of the ice accreting airfoil was still found to increase 
almost linearly with the time for this test case as well, corresponding to the increasing friction 
and growing of the flow separation zone during the ice accretion process. 
Figure 4.9 gives the normalized lift and drag coefficients of the test model (i.e., 
normalized by the corresponding values before starting the ice accretion experiment) as a 
function of the ice accretion time with the test model at different angles of attack, which can 
be used to reveal the effects of ice accretion process on the aerodynamic performance 
degradation of test model more clearly and quantitatively. It can be seen clearly that, the 
degradation rate of the aerodynamic performance of the turbine blade model induced by the 
dynamic ice accretion process would change significantly as different angles of attack. For the 
same turbine blade model, ice accretion would degrade the aerodynamic performance of the 
test model (i.e., in the terms of lift increasing and drag increasing) much more significantly at 
smaller angles of attack. More specifically, as shown in Figure 4.9(a), while the lift force acting 
on the test model was found to become only 12% of its original value (i.e., before starting the 
ice accretion experiment) after 600 seconds of the ice accretion experiment for the test case of 
AoA = 5 °, the responding values for the AoA = 10 ° and AoA = 15 ° cases were found to be 
31% and 59%, respectively. As described above, when the angle of attack of the test model is 
relatively small, more irregular-shaped ice structures were found to accrete over the suction 
side (i.e., the upper surface) of the test model. The irregular-shaped ice structures would 
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dramatically change the characteristics of the airflow over the surface of the test model, 
resulting in a more significant lift reduction for the test cases with relatively smaller angles of 
attack. Meanwhile, the ice accretion over the surface of the test model would also greatly 
increase the friction drag as well as the pressure drag associated with the formation of the large-
scale flow separation zone over the airfoil surface. Therefore, as shown clearly in Figure 4.9(b), 
the normalized drag acting on the ice accreting airfoil model was found to increase much more 
rapidly for the test cases with relatively smaller angles of attack. After 600 seconds of the ice 
accretion experiment, the drag force acting on the test model was found to increase by about 
4.5 times for the test case with AoA = 5 °, while the drag forces for the AoA = 10 ° and AoA 
= 15 ° cases were found to increase by 2.5 times and 1.7 times, respectively. 
4.4 Conclusions 
In the present study, a comprehensive experimental investigation was conducted to 
characterize the dynamic ice accretion process over the surfaces of wind turbine blades and 
evaluate its effects on the aerodynamic performance degradation of the turbine blades. The 
experimental study was performed in an Icing Research Tunnel available at Iowa State 
University (i.e., ISU-IRT). A polymer-based, turbine blade section model with a DU91-W2-
250 airfoil shape in the cross section was manufactured and used for the ice accretion 
experiment. While a high-resolution imaging system was used to record the dynamic ice 
accretion process over the airfoil surface, the aerodynamic forces acting on the test model 
during the dynamic ice accretion process were measured by using two sets of high-sensitive 
multi-axis force/moment systems mounted at two ends of the turbine blade model. In addition, 
a high-resolution digital Particle Image Velocimetry (PIV) system was also used to 
characterize the turbulent airflow over the ice accreting surface of the test model. The detailed 
airflow field measurements were correlated with the aerodynamic force data to elucidate the 
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underlying physics pertinent to the significant degradation in the aerodynamic performance of 
the wind turbine blades induced by the dynamic ice accretion process.  
The ice accretion experiment was performed under a typical glaze icing condition of 
V∞ = 40.0 m/s, T∞ = -5.0 ℃, and LWC = 1.1 g/m3. Upon the impingement of airborne super-
cooled water droplets onto the airfoil surface, ice was found to accrete rapidly the surface of 
the test model. Due to the insufficient heat transfer to remove/dissipate all the released latent 
heat of fusion associated with the solidification process of the super-cooled water droplets, 
only a portion of the impacted super-cooled water droplets were found to turn into ice upon 
impact, and the rest of the impacted water mass remained in liquid state and ran back rapidly 
as driven by the boundary layer airflow over the airfoil surface. The runback surface water was 
found to be frozen eventually at further downstream locations, resulting in the formation of 
complicated rivulet-shaped ice structures in the region far beyond the direct impingement zone 
of the super-cooled droplets. As the time goes by, the ice structures accreted over the airfoil 
surface were found to grow rapidly and extruded into the incoming airflow to capture more 
super-cooled water droplets to amplify the further growth of the ice structures. While ice was 
found to accrete over both the lower and upper surfaces of the test model, the ice accretion 
over the lower surface was found to be much more significant than those over the upper 
surface. As the angle of attack increases, while more and more ice structures were found to 
accrete over the lower surface of the test model, ice accretion region over the upper surface of 
the test model was found to become less and less.  
The PIV measurements reveal clearly that the streamlines of the incoming airflow 
would conform well to the smooth, streamlined airfoil profile of the turbine blade model before 
starting the ice accretion process. After starting the ice accretion process, due to the rapid ice 
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accretion to form irregular-shaped ice roughness/structures over the airfoil surface, especially 
for those accreted near the airfoil leading edge, the streamlined profile shape of the test model 
was found to be deformed substantially. The development of the boundary layer airflow over 
the airfoil surface was found to be affected significantly. Induced by the ice accretion, the 
incoming airflow was found to separate from the ice accreting airfoil surface, causing the 
formation of a large-scale flow separation zone sitting over the upper surface of the test model. 
As the ice accretion time goes by, with the continuous growth of the complicated ice structures 
accreted over the test model, the separation point of the incoming airfoil was found to move 
further upstream, resulting in the continuous expansion of the large-scale flow separation zone 
over the airfoil surface during dynamic the ice accretion process. Meanwhile, more and more 
unsteady vortex structures were also found to be generated and shed from the ice accreting 
airfoil surface. The rapid expansion of the large-scale flow separation zone formed over the 
airfoil surface induced by the dynamic ice accretion was found to cause a dramatic degradation 
for the aerodynamic performance of the turbine blade model. 
The aerodynamic force measurements confirmed quantitatively that, after irregular-
shaped ice structures starting to accrete on the turbine blade model, while the lift of the model 
was found to decrease rapidly, the drag acting on the test model was found to increase 
significantly. While the drag force acting on the test model was found to increase almost 
linearly with the ice accretion time, the lift was found to decrease at a much greater rate at the 
initial icing stage (e.g., t ≤ 100 s for AoA = 5 ° case, and t ≤ 150 s for AoA = 10 ° case) than 
those at the later stage of the ice accretion process. The rapid lift degradation at the early stage 
of the ice accretion process was believed to be caused by the transition of the attached airflows 
to separate from the airfoil surface induced by the quick growth of ice roughness accreted over 
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the airfoil surface at the beginning of the ice accretion process, as revealed clearly from the 
PIV measurements. After a certain time of the ice accretion process, the front surface of the 
test model (i.e., the regions near the airfoil leading edge) would be covered by a thick ice layer. 
The further degradation of the aerodynamic performance (i.e., the lift reduction and drag 
increase) at the later stage of the ice accretion process was mainly caused by the continuous 
expansion of the large-scale flow separation zone formed over the ice accreting airfoil surface. 
The fluctuating amplitudes of the aerodynamic forces (both lift and drag) acting on the test 
model were found to increase substantially at the later stage of the ice accretion process, which 
is believed to be closely related to the generation and shedding of more unsteady vortex 
structures induced by the more complex ice structures accreted over the airfoil surface at the 
later stage of the ice accretion process. 
It was also found that, the aerodynamic performance degradation of the turbine blade 
model induced by ice accretion would be a strong function of the angle of attack of the test 
model. For the same turbine blade model, the aerodynamic performance degradation (i.e., in 
the terms of lift increasing and drag increasing) induced by ice accretion was found to be much 
more significantly at relatively smaller angles of attack. More specifically, after 600 seconds 
of the ice accretion experiment, while the lift force acting on the test model was found to 
become only 12% of its original value (i.e., the value before starting the ice accretion process) 
for the AoA = 5 ° case, the responding values for the AoA = 10 ° and AoA = 15 ° cases were 
found to be about 31% and 59%, respectively. Meanwhile, the drag force was found to increase 
about 4.5 times due to the ice accretion for the test case with AoA = 5 °, while the drag forces 
were found to increase only about 2.5 times and 1.7 times for the test cases of AoA = 10 ° and 
AoA = 15 °, respectively.  
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It should be noted that, while several previous studies have been carried out recently to 
simulate ice accretion on turbine blades through icing wind tunnel testing or using ‘‘artificial’’ 
iced profiles with various types and amounts of ice accretion to investigate the aerodynamic 
performance of iced blades, the experimental work presented here is believed to be the first to 
examine the dynamic ice accretion process over the surface of turbine blade model and 
characterize the resultant aerodynamic performance degradation in the course of the ice 
accreting process. The new findings derived from the present studies would lead to a better 
understanding of underlying physics pertinent to the icing phenomena, which could be used to 
improve current ice accretion models for more accurate prediction of ice formation and ice 
accretion on wind turbine blades as well as to develop innovative anti-/de-icing strategies (e.g., 
active pitch control based strategy for wind turbine icing mitigation by leveraging the 
significant difference in the icing-induced performance degradation at different angles of 
attack) tailored for safer and more efficient operations of wind turbines in cold weathers. 
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Table 4.1  The test cases of the present study.
.Case No. State AoA [°] LWC [g/m3] T∞ [°C] V∞ [m/s] 
1 Clean 5 - -5.0 40.0 
2 Clean 10 - -5.0 40.0 
3 Clean 15 - -5.0 40.0 
4 Icing 5 1.1 -5.0 40.0 
5 Icing 10 1.1 -5.0 40.0 
6 Icing 15 1.1 -5.0 40.0 
 
 
 
 
Figure 4.1  Schematic of ISU-IRT and the turbine blade model used in the present study. 
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Figure 4.2  Experimental setup used for the PIV measurements. 
 
 
 
  
(a). Lift coefficients vs. the angle of attack (b). Lift coefficients vs. drag coefficients 
Figure 4.3  The aerodynamic performance of the “clean” turbine blade model. 
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Figure 4.4  Acquired snapshot images to reveal the dynamic ice accreting process over the 
suction-side surface (i.e., the upper surface) of the turbine blade model. 
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Figure 4.5  Acquired snapshot images to reveal the dynamic ice accreting process over the 
pressure-side surface (i.e., lower surface) of the turbine blade model. 
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(a). At the stating of the ice accretion (i.e., t 
= t0 + 0 s). 
(b). At the time of t = t0 + 25 seconds. 
  
(c). At the time of t = t0 + 50 seconds. (c). At the time of t = t0 + 100 seconds. 
  
(c). At the time of t = t0 + 150 seconds. (c). At the time of t = t0 + 200 seconds. 
Figure 4.6  Instantaneous PIV measurement results to reveal the dynamic changes of the 
airflow over the ice accreting surface of the turbine blade model as a function of the ice 
accretion time. 
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(a). The “clean” test model at AoA = 5 °. (b). The “iced” test model at AoA = 5 °. 
  
(c). The “clean” test model at AoA = 10 °. (d). The “iced” test model at AoA = 10 °. 
  
(e). The “clean” test model at AoA = 15 °. (f). The “iced” test model at AoA = 15 °. 
Figure 4.7  Comparisons of the flow fields around the test model before ice accretion 
and after 200 seconds of ice accretion at different angles of attack. 
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(a). At AoA = 5 °. 
 
(b). At AoA = 10 °. 
 
(c). At AoA = 15 °. 
Figure 4.8  Measured lift and drag coefficients of the test model during the dynamic ice 
accreting process at different angles of attack. 
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(a). Lift reduction vs. the ice accretion time. 
 
(b). Drag increase vs. the ice accretion time. 
Figure 4.9  Aerodynamic performance degradation of the test model induced by the ice 
accretion at different angles of attack. 
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Abstract 
Wind turbine icing poses severe threats to the safe and effective operation of wind 
turbines in cold and wet environments. A Wind Turbine Icing (WTI) field campaign was 
conducted in a 50 MW mountainous wind farm to investigate the ice-induced performance 
degradation of multi-megawatt (1.5MW) wind turbines in January 2019. While the wind 
turbine operational data were measured and recorded by the supervisory control and data 
acquisition (SCADA) systems, an unmanned aerial vehicle (UAV) and a digital camera were 
utilized to collect the observations of ice accreted wind turbine blades. Based on the acquired 
images by the UAV imaging and the digital camera, the span-wise distribution of ice accreted 
along the leading edge of a wind turbine blade was characterized. For a multi-megawatt wind 
turbine, the leading-edge ice thickness along a blade is found to slightly increase from the root 
to the mid-span and then dramatically increase from the mid-span to the tip. A theoretical 
estimation based on the blade element momentum (BEM) theory and the ice accumulation 
parameter was conducted and compared with the experimental data. The theoretical results and 
the experimental data show a good agreement. The effects of ice loads on the wind turbine 
status were evaluated in terms of wind speed, power production, rotational speed, and blade 
pitch angle. With a small amount of ice accretion, the wind turbine could still operate with a 
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lower rotational speed and favorable pitch angle (i.e., β = 0°). When the amount of ice accreted 
on the blade is beyond the bearability of wind turbine, the wind turbine would shut down 
immediately with blade feathering (i.e., β = 90 °). As the rated wind speed of the wind turbine, 
the wind turbine power coefficient is found to have the maximum reduction, implying a 
severest ice accretion. 
5.1 Introduction 
Wind turbine icing poses severe threats to the safe and effective operation of wind 
turbines in cold and wet environments in winter. As an increasing number of wind farms have 
been built in cold climate regions to take advantage of the abundant wind resources, wind 
turbine icing becomes one of the most attractive research focuses in recent years. International 
Energy Agency (IEA) Wind proposed Task 19 to focus on the status in quo and the state-of-
the-art industrial progress for wind energy in cold climates. According to the statistics reported 
in IEA Wind Task 19 [1], the cumulative wind installation in cold climates was 127 GW at the 
end of 2015, amounting to approximately 30% of the total wind capacity in the world (i.e., 435 
GW). In China, icing has already become the largest factor in the production loss of wind 
turbines [2]. The ice structures accreted on wind turbine blades significantly alter the blade 
shape and increase the surface roughness, resulting in severe aerodynamic performance 
degradation and thereby production loss. In harsh wind sites, the icing events may lead to a 
capacity loss up to 20%-50% of the annual energy production (AEP) [3]. Ice accretion and 
irregular ice shedding during wind turbine operation would lead to load imbalances and 
excessive turbine vibrations, which may cause structural failures, especially when coupled to 
strong wind loads. Under some severe circumstances, wind turbines need to be shut down in 
advance to avoid component failures and mitigate the effects of ice accretion. For the wind 
turbines without any ice protection systems, the natural ice melting process may take hours or 
132 
even days in terms of local weather conditions [4]. The icing issues can also directly impact 
personal safety and cause damage to the nearby wind turbine substations due to falling and 
projected large ice chunks [5].  
Many studies focused on wind turbine performance degradation due to ice accretion 
have been implemented in recent years, including experimental studies and computational 
simulations. Gao & Hu [6] experimentally characterized the dynamic aerodynamic 
performance degradation of an ice accreting blade and indicated that the performance 
degradation would be a strong function of the angle of attack of the blade section. Blasco et al. 
[7] measured the aerodynamic data using a combination of ice accretion experiments and wind 
tunnel tests on a DU93-W-210 airfoil and predicted power production of a 1.5 MW wind 
turbine using blade element momentum(BEM) theory. Hochart et al. [8] conducted 
measurements of ice deposit on a NACA 63-415 airfoil as well as lift and drag forces of the 
iced airfoil and then scaled the experimental data to a 1.8 MW Vestas wind turbine. Based on 
the same airfoil profile and wind turbine, Lamraoui et al. [9] estimated the power loss based 
on cylinder model and power loss model, and pointed out the power production loss under 
icing conditions can reach a maximum of 40% at a specific wind speed regardless of the type 
of ice. Pedersen & Sorensen [10] developed a concept if modeling ice accretion on wind 
turbines using Computational Fluid Dynamics (CFD), and tested the functionality of their 
model on the NACA64-618 airfoil. Zanon et al. [11] presented a numerical approach capable 
of simulating the ice accretion and its effects on wind turbine performance, and further applied 
to the NREL 5MW reference wind turbine to predict the wind turbine aerodynamic 
performance during and after an 8-hour icing event. The aforementioned studies provided a 
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better understanding of the underlying icing physics of wind turbine icing process and brought 
insights into the prediction of power production loss of wind turbine due to the ice accretion.  
However, the experimental and numerical investigations were conducted in ideal icing 
conditions and based on the assumption that the wind turbine remained in the same continually 
operational status, regardless of the complexity and severity of icing events. An icing process 
is mainly determined by the flow velocity, ambient air temperature, liquid water content 
(LWC), and the median volumetric diameter (MVD) of impinging droplets. In natural cold and 
wet environments, the aforementioned four parameters usually vary in the course of an icing 
event to great content, particularly the flow velocity and surrounding air temperature. The near-
ground air temperature in a wind farm would change dramatically during an icing process that 
takes minutes to hours due to the sunlight conditions [12]. More importantly, wind turbine 
operational status would change during an ice accretion process, especially the rotor rotational 
speed and the pitch angle, which could dramatically affect the relative velocity (i.e., Vrel) at 
each blade section/element, and thereby the subsequent icing process, as shown in Figure 5.1.  
The investigations that adequately consider the natural environments and the wind 
turbine operation status are highly desired for improving the understanding of the effects of ice 
accretion on wind turbines. However, only a few literatures are available due to the complexity 
of field measurement. Rindeskar [13] investigated the possible connection between the ice load 
and wind turbine production loss by comparing the modeled ice loads and production data, and 
found no clear connection based on the available data. Shu et al. [14] implemented a 
measurement to study ice accretion feature on a 300 kW wind turbine in natural icing 
environments, and pointed out the pitch angle would firstly decrease to 0° and remain 
unchanged while the rotor speed would fall continually with the increase of ice load. More 
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information of the ice accretion on large-scale wind turbines (i.e., multi-megawatt wind 
turbines), and the influence of ice accretion on the real-time wind turbine performance is highly 
desired to bring insights into the experimental and numerical investigations on wind turbine 
icing physics and the safe and effective operations of wind turbines in cold climate sites.  
With these in mind, a Wind Turbine Icing (WTI) field campaign was conducted in 
January 2019 in a 50 MW wind farm by assimilating the observations of blade ice accretion 
collected with an unmanned aerial vehicle (UAV) and a digital camera to the wind turbine 
operational data recorded by wind turbine supervisory control and data acquisition (SCADA) 
systems. WTI field campaign is believed to be the first field campaign that focuses on the 
performance degradation of multi-megawatt wind turbines due to blade ice accretion. The 
specific objectives of the present study are 1) to characterize the ice distribution on a wind 
turbine blade, particularly the span-wise variation; 2) to quantify the effects of blade ice 
accretion on wind turbine power production losses; 3) to analyze the wind turbine status during 
an icing process in terms of blade pitch angle and rotational speed. A detailed description of 
the WTI field campaign, as well as the collected data and data processing methods, are 
illustrated in Section 5.2. Section 5.3 presents the processed campaign results and 
comprehensive discussion on each objective, followed by the conclusions and prospects for 
the future field measurements, given in Section 5.4. The new findings derived from the present 
study would lead to a better understanding of the wind turbine icing phenomena and provide 
valuable recommendations for the safer and more efficient operation of wind turbines in cold 
and wet environments. 
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5.2 Experimental Site and Instrumentation 
5.2.1 Description of the WTI Field Campaign 
The Wind Turbine Icing (WTI) field campaign was conducted in Niucaoshan wind 
farm located in Anhui, China in January 2019. The wind farm has thirty-one 1.5MW wind 
turbines and two 2.0MW wind turbines. As shown in Figure 5.2, wind turbines are arranged 
on the mountain ridges to harvest the favorable and abundant wind resources. The altitudes of 
wind turbines range from ~1,100 m to ~1,800 m. From the historical data recorded by the local 
meteorological station from 1957 to 2009, there are approximately seventy low-temperature 
days per year. Since the wind farm was built in 2016, wind turbines would encounter various 
icing events in winter from December to February, including in-cloud icing (i.e., freezing fog, 
as shown in Figure 5.2(b) and (c)), and precipitation icing (i.e., freezing rain, freezing drizzle, 
or wet snow). Figure 5.3 shows the local weather conditions and the maximum and minimum 
temperatures during the field campaign from January 3, 2019, to January 24, 2019. In foggy 
days, the water droplets suspended in the air would become super-cooled water droplets when 
the temperature dropped below the freezing point. The super-cooled water droplets impacted 
onto the rotating wind turbine blades would result in blade ice accretion. The precipitations, 
such as freezing drizzle, freezing rain, sleet, and wet snow, would also lead to severe blade ice 
accumulation. According to the weather conditions and the observations, the icing possibility 
was found to be ~85% during the WTI field campaign.  
5.2.2 Estimation of Blade Ice Accretion 
An ice accretion process is mainly determined by flow velocity (Vrel), ambient air 
temperature (Tair), liquid water content (LWC), and median volumetric diameter of droplet size 
(MVD). In natural atmospheric environments, relative humidity (RH) is usually used to 
represent the combined effects of LWC and MVD [14,15]. During the field campaign, a 
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handheld digital hygrothermograph (DHT-12) was used to detect the air temperature with a 
resolution of 0.01 °C and RH with a resolution of 0.01%. The wind speed (V∞) at the hub height 
was measured by the anemometer installed on top of the nacelle and recorded by the wind 
turbine supervisory control and data acquisition (SCADA) system, which will be further 
described in the following section.  
In the present study, the 1.5MW wind turbines were selected and their technical 
parameters are listed in Table 5.1. The 1.5 MW wind turbine is variable-speed & variable-pitch 
regulated, upwind wind turbine. The rotor diameter and hub height are 100 m and 78 m, 
respectively. The designed cut-in, rated, and cut-out wind speeds at hub height are 2.8m/s, 8.9 
m/s and 18.0 m/s, respectively. 
In the campaign, while a digital camera (Nikon D7000 with a lens of 18-200 mm) was 
used to shoot the ice accreted wind turbine blades, an unmanned aerial vehicle (UAV, DJI 
Mavic Air 4K) was also utilized to acquire the snapshots of ice accreted blades, as shown in 
Figure 5.4. The UAV is equipped with a high-resolution 3-axis gimbal camera (Image size: 
4056 pixels × 3040 pixels), as shown in Figure 5.4 (b). Figure 5.4 shows a snapshot acquired 
by the UAV hovering at the hub height for a standstill wind turbine. The snapshots acquired 
by the digital camera and UAV imaging have high resolutions, which could be used for the 
estimation of the amount of ice accreted over the blade surfaces.  
The geometric information of the wind turbine blade is known, as shown in Figure 
5.5(a). The total span-wise length and the maximum chord length of the blade are represented 
by R and Cmax, respectively. The leading-edge ice thickness can be used as a good indicator to 
reflect the amount of ice accreted over the blade surfaces [14,16]. In the present study, the 
leading-edge ice thickness was detected based on the acquired snapshots of the ice accreted 
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blade to reflect the amount of ice accumulated on the wind turbine blade after an icing process. 
The original snapshot (in RGB) acquired by the UAV imaging or the digital camera was 
converted greyscale image, and then the background was removed by reducing noise. The 
edges of the ice accreted blade were detected by using the Canny edge detection algorithm, 
which converted the greyscale image information into binary data. The color of the image was 
then inverted in accordance with the human’s observing experience. “1” and “0” represent the 
white background and the detected edges, respectively. By detecting the indices of “0”, the 
pixel coordinates of the blade edges and ice edges can be acquired. Following the calibration 
method used by Shu et al. [14], the calibration was conducted based on the physical dimensions 
of the blade and the pixel coordinates of the blade in the acquired image, as shown in Figure 
5.5(b). The calibration factors in the chord-wise direction (fx = c/(x2-x1+1), where c is the local 
chord length) and span-wise direction (fy =Δr/(y2-y1+1), where Δr is the physical dimension of 
the blade section/element in span-wise direction ) were calculated for each snapshot. The 
leading-edge ice thickness (h) can be calculated by using Eq. (5-1).  
3 2( 1) xh x x f= − +                   (5-1) 
where (x3-x2+1) is the number of pixels of the leading-edge ice.  
5.2.3 Evaluation of Wind Turbine Performance 
In the WTI field campaign, the wind turbine performance was evaluated based on the 
SCADA data in terms of the power production, rotational speed, and pitch angle. The wind 
speed at hub height was also recorded by the SCADA system of the wind turbine. The interval 
of SCADA data is 10 minutes.  
The ice accreted on the wind turbine blade could cause aerodynamic performance 
degradation, i.e., lift decrease and drag increase, and thereby the power production. Figure 5.6 
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shows the wind turbine designed power (Pd) as a function of wind speed (V∞). The red point 
indicates a measurement of power production of the ice accreted wind turbine when the wind 
speed (V∞) is 10 m/s. The difference between the measured power (P) and the designed power 
(Pd) is the reduction of power due to ice accretion. A non-dimensional parameter, power deficit 
coefficient (η), is defined as shown in Eq. (5-2) to provide a better description of the impact of 
ice on the wind turbine power production.  
100%d
d
P P
P
η
−
= ×                         (5-2) 
As shown in Figure 5.6, the wind turbine power curve can be divided into four regions. 
In region I, the wind turbine cannot start due to the low wind speed that is lower than the cut-
in speed. In region IV, the wind turbine needs to be shut down for the sake of safety when the 
wind speed is beyond the designed cut-out speed. When the wind speed falls in between the 
cut-in wind speed and rated wind speed, i.e., in region II, the wind turbine is rotational-speed-
regulated (i.e., as the wind speed increases, the rotational speed corresponding increases). The 
pitch angle is quite small (0-3°) to achieve the optimum power output. When the wind speed 
falls in between the rated wind speed and cut-out wind speed, i.e., in region III, the wind turbine 
is pitch-regulated with a fixed rotational speed. As the wind speed increases, the pitch angle of 
each blade increases correspondingly to limit the power output, ensuring safe and efficient 
operation. During an ice accretion process, the rotational speed of the wind turbine and the 
pitch angle of each blade would differ from their designed values, characterising the variations 
of wind turbine performance due to ice accretion.  
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5.3 Results and discussion  
5.3.1. Quantification of Ice Distribution along a Wind Turbine Blade 
For a multi-megawatt wind turbine, the span-wise ice distribution could significantly 
vary from the root to the tip of a blade. In most icing tunnel experiments, researchers usually 
used a blade/airfoil section to study the ice distribution along the stream-wise/chord-wise 
direction due to the dimension limit [6,16]. The reports of the measurement data on wind 
turbine span-wise ice distribution are rare. Here, two representative cases were selected to 
characterize the ice distribution along a wind turbine blade in the span-wise direction. Table 
5.2 lists all of the parameters, including the wind speed (V∞), rotational speed (Ω), ambient air 
temperature (T∞) and the relative humidity (RH), of these two cases. The parameters were 
measured and recorded at the same time with the snapshot acquisition.  
Lamraoui et al. [9] pointed out that the wind turbine power deficit caused by ice 
accretion is mainly determined by the ice thickness regardless of the type of ice. Figure 5.7 
shows the leading-edge ice thickness as a function of the blade radius position, as well as the 
2nd order polynomial fitting curves, for WT#08 and WT#09. Generally, as the blade radius 
position increases (i.e., from the root to the tip of a blade), the leading-edge ice thickness 
correspondingly increases. The largest ice thickness was observed at the tip region of the blade. 
A different trend was reported by Shu et al. [14] for a 300 kW wind turbine that the leading-
edge ice thickness would increase rapidly from the root to the mid-span, while it would increase 
slightly or remain stale from the mid-span to the tip of a blade. The size of a wind turbine 
would lead to the difference in the inertia effects of the impacted water droplets with regard to 
the blade surface. For a small wind turbine, the blade could be evenly wetted on the whole 
span, while for a large wind turbine, the wetted region could increase dramatically as the blade 
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radius position increases, reported by Battisti [17]. The measurement data presented in the 
present study could greatly validate this conclusion.  
To have a better comparison, the measurement data were normalized, as shown in 
Figure 5.8. The blade radius position (r) was normalized by the total length of the blade (R). 
The leading-edge ice thickness (h) was nondimensionalized by the chord length of the blade 
section/element (c) and then normalized by its tip value, i.e., (h/c)tip. In addition to the 
experimental results, a theoretical estimation was conducted based on the blade element 
momentum (BEM) theory and ice accumulation parameter (Ac). Ice accumulation parameter is 
widely used to estimate the amount of ice accreted on an object [16,18], as defined in Eq. (5-
3). 
rel
c
i
LWC V tA
lρ
⋅ ⋅
=
⋅
                       (5-3) 
where ρi is the ice density, t is the ice accretion duration, and l is the characteristic 
length of the blade section/element, i.e., the leading-edge inscribed circle diameter. During an 
icing process, the variations of LWC, ice density, and ice accretion duration at different span-
wise locations, i.e., blade radius positions, are quite small and negligible. The relative wind 
velocity (Vrel, as given in Eq. (5-4)) and the characteristic length of each blade section/element 
significantly depend on the span-wise locations. 
2 2 1/2[( (1 )) ( (1 ')) ]relV V a r a∞= − + Ω +                (5-4)  
where a and a’ are the axial induction factor and the angular induction factor, 
respectively, as shown in Figure 5.1. The ice accumulation parameter was calculated for each 
blade section/element and then normalized by its maximum value appeared at the tip of the 
blade.  
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Figure 5.8 shows the comparison of the normalized leading-edge ice thickness between 
the experimental data, i.e., (h/c)/(h/c)tip,  and theoretical results, i.e., Ac/Actip. In both cases of 
WT#08 and WT#09, the experimental data and the theoretical estimations have a good 
agreement. As the blade radius position increases, the normalized ice thickness dramatically 
increases, particularly from the mid-span to the tip of a blade due to the large water collection 
caused by large relative wind velocity. The ice accumulated in the root region, i.e., the inner 
1/3 of a blade, is quite small and negligible. The theoretical results slightly overestimate the 
leading-edge ice thickness, which might be caused by the lack of consideration of the randomly 
shedding of ice chunks and decreased rotational speed due to ice accretion.  
5.3.2. Analysis of the Connection of Ice loads and Wind Turbine Operational Status 
The wind turbine operational status related to icing can be mainly characterized by the 
power production (P), the rotational speed (Ω) and the pitch angle of each blade (β). Figure 5.9 
shows the history of the operational status of WT#09 from January 15, 2019, 00:00:00 Chinese 
Standard Time (CST) to January 21, 2019, 00:00:00 CST. The data were recorded by the wind 
turbine SCADA system with a time interval of 10 minutes. Figure 5.9(a) shows the time 
evolution of the wind speed (V∞) at the wind turbine hub height. Figure 5.9(b) shows the 
corresponding wind turbine power production (P = 1/2ρaAV∞3Cp, where ρa is the air density, A 
is the swept area of the rotor, and Cp is the power coefficient). The higher wind speed leads to 
higher power production when the wind speed is within the range from cut-in wind speed to 
rated wind speed, as shown in Figure 5.6, region II. When the wind speed exceeds the rated 
wind speed, the power production remains the maximum output of 1500 kW, corresponding to 
the region III in Figure 5.6. Figure 5.9(c) and (d) show the wind turbine rotational speed and 
the pitch angle of the blade, respectively. Three blades of the wind turbine, i.e., WT#09, are 
cooperative controlled, and they are performing with the same pitch angles. When the β = 90 ° 
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(i.e., blade feathering) and Ω = 0 rpm, the wind turbine is in a standstill status due to low wind 
speed (lower than the cut-in speed of 2.8 m/s) and various kinds of failures. According to the 
operational record, the wind turbine would continue to harvest wind energy until the generated 
torque (T=P/Ω) was too low to make it rotate during an icing process.  
The yellow region shown in Figure 5.9 highlights an icing process encountered by the 
wind turbine in which higher power production supposed to be generated if no ice was accreted 
over the blade surfaces. During the icing process, the ice accreted wind turbine could produce 
a small amount of power when the wind speed was high. When the wind speed was low but 
still higher than the cut-in wind speed, there was no power produced, and the pitch angle 
increased up to 90 ° while the rotational speed decreased down to 0 rpm, resulting in a short 
period of shutdown. The snapshot of the ice accreted wind turbine blade given in Figure 5.7 
was taken during this icing process on January 20, 2019, 11:50:00 CST. More information 
about the connection of the ice loads on power production degradation is presented in the 
following section.  
As shown in Figure 5.9(a) and (c), the rotational speed of the wind turbine decreased 
as the ice accreted over the blade surfaces. The ice accreted on a blade could increase the 
weight of the rotor and alter the aerodynamic forces acting on the rotor, leading to the lower 
rotational speed. The similar trends were observed and validated from the time series of data 
from other wind turbines, i.e., WT#06, WT#08, and WT#31, as shown in Figure 5.10. As 
shown in Figure 5.2(a), WT#06 and WT#08 are located close to WT#09, while WT#31 is 
located far from WT#09. The icing conditions of WT#06, WT#08, and WT#09 were almost 
the same, while the icing conditions encountered by WT#31 was quite different. As highlighted 
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in yellow in Figure 5.10, the rotational speeds of wind turbines were lower than the designed 
values to some extent due to the ice accretion. 
5.3.3. Characterization of the Ice-Induced Wind Turbine Production Degradation  
The reduction of the power production caused by blade ice accretion was quantified for 
WT#06, WT#08, WT#09, and WT#31 during the icing process from January 19, 2019, 
00:00:00 CST to January 21, 2019, 00:00:00 CST, as shown in Figure 5.11. The icing events 
encountered by WT#06, WT#08, WT#09, and WT#31 lasted for 25.6 hours, 25.6 hours, 30.6 
hours, and 6.7 hours, respectively. During the continuous or intermittent icing processes, the 
amount of ice accreted on wind turbines increased or remained without evident reduction. With 
the same air temperature of -3.40°C and RH of 89.20%, as listed in Table 2, the neighboring 
two wind turbines, i.e., WT#08 and WT#09, as well as a nearby wind turbine, i.e., WT#06, 
were found to have the similar trends in power reduction. The slight differences were caused 
by the differences in wind speed due to the interaction of atmosphere and topography. Due to 
the severe ice accretion, as shown in Figure 5.7, the power deficit coefficients (η) for WT#08 
and WT#09 were 100% and 100% when the snapshots were taken. WT#31 that is located far 
from the other three wind turbines had less power deficit due to the less ice accretion caused 
by short icing duration. A 2nd order polynomial fitting was used to characterize the power 
production for each wind turbine and then used for the power deficit coefficient calculation 
during the whole icing process, as shown in Figure 5.11. The overall power deficit coefficients 
during the whole icing processes for WT#06, WT#08, WT#09, and WT#31 are 77%, 78%, 
80%, and 22%, respectively.  
Figure 5.12 shows the power coefficient (Cp = P/(1/2ρaAV∞3))as a function of wind 
speed. The designed power coefficient curve is found to increase to the maximum value of 
0.52 and then be stable still the rated wind speed. When the wind speed exceeds the rated wind 
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speed, the power coefficient rapidly decreases due to the controlling. For the wind turbines 
with ice accretion, the power coefficient decreases to different extents associated with the 
amount of ice. In comparison to WT#08, WT#09 accreted with more ice on its blades is found 
to have a corresponding power coefficient, as shown in Figure 5.7 and Figure 5.12. The power 
coefficient curves of the ice accreted wind turbines decrease as the wind speed increases. The 
maximum reduction is found to be shown near the rate wind speed of ~9 m/s, implying that 
the wind turbine might have the most severe ice accretion at the rated status.  
5.4 Conclusions  
A Wind Turbine Icing (WTI) field campaign was conducted in January 2019 in a 50 
MW wind farm by assimilating the observations of blade ice accretion collected with an 
unmanned aerial vehicle (UAV) and a digital camera to the wind turbine operational data 
recorded by wind turbine supervisory control and data acquisition (SCADA) systems. WTI 
field campaign is believed to be the first field campaign that focuses on the performance 
degradation of multi-megawatt wind turbines due to blade ice accretion. Based on the 
snapshots acquired by the UAV imaging and the digital camera, the span-wise ice distributions 
on wind turbine blades were characterized for 1.5 MW wind turbines. The thickness of ice 
accretion along the leading edge of a blade was found to slightly increase from the root to the 
mid-span and then dramatically increase from the mid-span to the tip of a blade. A theoretical 
estimation based on blade element momentum (BEM) theory and ice accumulation parameter 
was conducted, and the theoretical results showed a good agreement with the experimental 
data. It was found that the variation of the ice distribution in span-wise direction is proportional 
to the ratio of the relative velocity to the size of a blade section/element. The effects of ice 
loads on the wind turbine status were evaluated in terms of wind speed, power production, 
rotational speed, and blade pitch angle. With a small amount of ice accretion, the wind turbine 
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could still operate with a lower rotational speed and zero pitch angle. When the amount of ice 
accreted on the blade beyond the bearability of the wind turbine, the wind turbine would shut 
down immediately with blade feathering (i.e., pitch angle, β = 90 °). The overall power deficit 
during the 30-hour icing process is found to be ~80% in the cases (i.e., air temperature, T∞ = -
3.40 °C and relative humidity, RH = 89.20%) shown in the presented study. The power 
coefficient of the wind turbine is found to have the maximum reduction at the rate wind speed, 
implying that the most severe ice accretion might occur at the rated wind speed. The new 
findings derived from the present study would lead to a better understanding of the wind 
turbine icing phenomena and provide valuable recommendations for the safer and more 
efficient operation of wind turbines in cold and wet environments. In the future, more field 
tests would be conducted on multi-megawatt wind turbines (>=2.0 MW) to validate further the 
findings derived from the present WTI field campaign. 
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Table 5.1  Technical parameters of the 1.5MW wind turbine in WTI field campaign. 
Rated power [kW] 1500 
Wind turbine type upwind, variable-speed, variable-pitch 
Blade number 3 
Rotor diameter [m] 100 
Hub height [m] 78 
Cut-in, rated, cut-out wind speed [m/s] 2.8, 8.9, 18.0 
Rated rotational speed [rpm] 15 
Rotational direction clockwise 
 
 
 
Table 5.2  Cases for the study of ice distribution along a wind turbine blade. (WT is short 
for wind turbine) 
Case No.  V∞ [m/s] Ω [rpm] T∞ [°C] RH [%] 
1: WT#09 5.48 8.60 -3.40 89.20 
2: WT#08 5.04 8.76 -3.40 89.20 
 
 
 
 
Figure 5.1  Schematics illustrating the blade element velocity. 
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Figure 5.2  Niucaoshan wind farm, Anhui, China. (a) The layout of the wind farm (Google 
Earth); (b) and (c) The photos of wind turbines enveloped by thick freezing fog. The yellow 
marks in (a) show the locations of thirty-three wind turbines. The blue arrows in (c) point out 
the wind turbines enveloped by thick fog. 
 
 
Figure 5.3  Local weather conditions and diurnal maximum and minimum temperatures 
during the field campaign from January 3, 2019, to January 24, 2019. 
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Figure 5.4  Utilization of a UAV (DJI Mavic Air 4K) to capture the snapshots of ice accreted 
wind turbine blades. (a) A test of using a UAV hovering at the hub height to shoot snapshots 
of a standstill wind turbine (the UAV is highlighted with a red circle); (b) A photo of the 
UAV and its camera; (3) The snapshot acquired by the UAV. 
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Figure 5.5  Estimation of the leading-edge ice thickness. (a) The geometry of a wind turbine 
blade; (b) Image processing for leading-edge ice detection. 
 
 
 
Figure 5.6  Designed power curve as a function of wind speed at wind turbine hub height. 
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Figure 5.7   Leading-edge ice thickness as a function of blade radius position.  
 
 
 
Figure 5.8  Comparison of the normalized leading-edge ice thickness between the 
experimental and theoretical data.  
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Figure 5.9  The history of wind turbine operational status from January 15, 2019, 00:00:00 
Chinese Standard Time (CST) to January 21, 2019, 00:00:00 CST. (a) Wind speed (V∞); (b) 
Power production (P); (c) Rotational speed (Ω); (d) Blade pitch angle (β).  
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Figure 5.10  The history of wind turbine status from January 19, 2019 00:00:00 CST to 
January 21, 2019 00:00:00 CST for (a) WT#06; (b) WT#08, and (c) WT#31.  
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Figure 5.11  Reduction in power production due to ice accretion for (a) WT#06; (b) 
WT#08; (c) WT#09; and (d) WT#31. 
 
Figure 5.12  The power coefficient as a function of wind speed. 
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Abstract 
Wind turbines could suffer severe aerodynamic penalties and unbalanced rotating mass 
caused by ice accretion when operating in cold climates. Electro-resistance heating (RH) is 
one of the most commonly-used anti-icing strategies due to its high effectiveness and high 
product maturity. In the present study, a novel anti-icing strategy based on the traditional 
electric resistance heating, named “2RH”, is proposed to effectively control the energy 
consumption for the wind turbine anti-icing applications. This strategy is inspired by the 
unevenly distributed heat transfer in the stream-wise direction over the loaded wind turbine 
blades. Two resistance heating elements, i.e., leading-edge heater and surface heater, are 
utilized and individually controlled, instead of using a single heating element covering the 
entire blade surface. A series of experiments were conducted in the Icing Research Tunnel 
available at Iowa State University (i.e., ISU-IRT) to estimate convective heat transfer and to 
evaluate the anti-icing performance of the proposed “2RH” strategy under both wet and dry 
icing conditions. While a high-speed imaging system was utilized to record the dynamic anti-
icing process, an infrared thermal imaging technique was implemented to quantitatively 
measure the temperature distributions over the blade surface during the anti-icing processes. 
The results show that the leading-edge (LE) region has a much stronger heat convection than 
that in downstream region, indicating a requirement of higher localized power input for the 
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anti-icing process. By using the proposed “2RH” strategy, approximately 50% of the required 
power consumption was saved to keep the blade free of ice for both wet and dry icing 
conditions. 
6.1 Introduction 
In recent years, an increasing number of developers are investing wind farms in cold 
climate regions due to the favorable wind resources and low local population. The total 
installed cumulative wind capacity in these regions was 127 GW by the end of 2015, with an 
expected growth rate of approximately 12 GW per year until 2020 [1]. Unfortunately, over 
70% wind turbines in cold areas have to experience hazardous icing events in winter. The ice 
accumulated over the wind turbine blade will significantly alter its shape and increase its 
surface roughness, resulting in a severe aerodynamic performance degradation. The total 
annual energy production (AEP) loss can be amounted to 20% [2–4]. The uneven distribution 
of ice can also induce unbalanced loads and edgewise vibrations [5,6]. A long-term operation 
under this condition will cause the component failure and further shorten the lifespan of wind 
turbines. In addition to the aforementioned direct negative effects, the indirect effects, for 
example, the increased noise and sudden ice shedding [7,8], could pose a threat to the safety 
of nearby vehicles and pedestrians.  
Recently, a variety of ice mitigation techniques borrowed from aviation industry are 
improved and tried to apply to wind turbine industry. They are passive ice protection 
techniques (i.e. black paint [9], hydrophobic/icephobic coatings [8,10–14], and operational 
stops [15,16]) and active ice protection techniques (i.e. hot air injection, resistive heaters, 
microwaves, ultrasonic waves, pneumatic expulsion, and active pitch control [17,18]). These 
techniques can be performed in anti-icing and/or de-icing modes. Anti-icing mode is to 
decay/prevent ice formation and accretion while de-icing mode is to remove the accumulated 
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ice from the blade surface [19,20]. Parent and Ilinca [21] gave a critical review on the anti-
icing and de-icing techniques for wind turbines in 2001 and they summarized the advantages 
and disadvantages for each technique. Fakorede et al.[17] provided a first review of the most 
recent standards and major issues associated with wind energy in cold climates from 
application and technology viewpoints in 2016. They thoroughly compared the ice mitigation 
techniques in terms of energy consumption, cost, effectiveness, lightening protection 
requirements, and retrofitting. Among all of these techniques, heating is currently the most 
efficient approach for wind turbines experiencing moderate to severe icing events 
(corresponding to IEA Class 3 to 5) [17,22]. Hot air injection and electric-thermal technique 
(i.e. outside/inside resistive heaters (O/I RH)) are the major two methods to heat up the blade 
against ice accretion. The former one was successfully commercialized by ENERCON in 2011 
[23]. Compared to it, the latter one can be retrofitted in the existing wind turbines and has a 
comparatively low energy consumption [17]. Therefore, the outside resistive heaters are the 
most promising anti-icing technique for wind turbine icing mitigation. However, the existing 
electric-thermal technique (outside RH) still have several deficiencies needed to be improved 
for further practical applications: i) optimized anti-icing strategy should be studied to further 
reduce the energy consumption; ii) the existing RHs cannot achieve uniform temperatures; iii) 
the existing RHs are not flexible and thin enough to avoid increasing the surface roughness of 
the blade.  
With this in mind, a novel electric-thermal strategy, named “2RH”, is proposed for 
wind turbine anti-icing applications based on a resistance heating element with high-quality 
heat uniformity and design flexibility. The performance of the proposed strategy has been 
evaluated through a series of tests conducted in the ISU-IRT. The detailed description of the 
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proposed strategy is provided in Section 6.2. Section 6.3 presents the experimental setup for 
the anti-icing tests. A high-speed imaging technique and an infrared thermal imaging technique 
have been utilized simultaneously to provide the dynamic anti-icing process and corresponding 
temperature distributions over the DU96-W-180 blade during this process. The minimum 
power inputs for successful anti-icing were carefully determined and compared under both wet 
and dry icing schemes. In Section 6.4, the heat transfer coefficient along the load wind turbine 
blade is presented, followed by the comprehensive evaluation of the proposed anti-icing 
strategy in terms of dynamic anti-icing process, temperature evolution and energy 
consumption. Section 6.5 presents the final conclusions. The findings derived from this study 
provide a keen understanding of underlying physics of complicated thermal flow phenomena 
during the electric-thermal anti-icing process and can be used for the further optimization of 
anti-icing strategies. 
6.2 Anti-Icing Strategy 
6.2.1 Anti-Icing Mode 
Anti-icing mode can be achieved through evaporative regime [24] and wet running 
regime [17]. Evaporative regime is to heat up the surface up to over 100 °C to evaporate the 
impinging super-cooled water droplets. This approach can effectively avoid the runback. 
Unfortunately, a lot energy input is needed to keep that high temperature, and 100 °C is already 
close to the softening points of the blade materials, epoxies and resins. The wet running regime 
is to heat the super-cooled droplets and keep them in liquid over the blade surface. This method 
needs comparatively less energy input, but, additional energy input is required at the 
downstream region to prevent the runback water refreezing over the blade surface. The second 
regime is selected due to its lower energy consumption and higher safety. 
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6.2.2 Baseline Electric Resistive Heating Film 
DuPont™ Kapton® RS [25], a two-layer polyimide film, is selected as the baseline 
resistive heating film. Due to its polyimide composition, it is resilient to high temperature, thin, 
and highly flexible. As shown in Figure 6.1, the film is coextruded by using a layered 
technology and the electrically conductive layer (25 μm) and the dielectric insulator (25 μm) 
cannot be separated. The heating film is further protected on both sides by a Pyralux® LF7001 
coverlay [26] (in yellow). The heating film (in black) has a uniform thickness of 50 μm and a 
low density of 1.46 g/cc. The surface temperature is highly customizable based on distance 
between electrodes and can be designed for temperatures up to 240°C in continuous heating. 
It can also be easily cut into various configurations and will continue to function even if it has 
been punctured. Based on its favorable properties, DuPont™ Kapton® RS is considered as a 
promising solution for the following wind turbine anti-icing studies.  
6.2.3 “2RH” Anti-Icing Strategy 
In order to minimize the energy consumption of the resistance heating strategy, a 
“2RH” strategy is proposed, as shown in Figure 6.2. In this strategy, two separate resistance 
heating systems are utilized. The power density (P.D.) of the leading-edge (LE) heater (H1) is 
controlled to be higher than that of the surface heater (H2) since more ice structures are inclined 
to accrete near the leading-edge region. The stream-wise dimensions of H1 and H2 are 30% 
chord length and 70% chord length, respectively. When the heating element highlighted in the 
yellow square is enlarged, it can be seen that the heating element has a highly uniform and 
smooth cover layer, indicating that the heating element will not add unexpected surface 
roughness to the original blade surface. 
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6.3 Experiments 
6.3.1 Icing Research Tunnel and Test Model 
In order to evaluate the anti-icing performance of the proposed “2RH” strategy, a series 
of experiments were conducted in the multifunctional Icing Research Tunnel at Iowa State 
University (ISU-IRT), as shown in Figure 6.3. A wide range of icing schemes have been 
successfully duplicated in ISU-IRT from dry rime icing to wet glaze icing [27–30]. The test 
section of the tunnel is 0.4 m × 0.4 m × 2 m. The wind speed can achieve up to 60 m/s. The 
working temperature ranges from -25 ℃ to 20 ℃ (i.e., room temperature). An array of 
pneumatic atomizing spray nozzles (Spraying Systems Co., 1/8NPT-SU11) installed at the 
entrance of the contraction section can generate micro-sized water droplets with a medium 
volumetric diameter (MVD) ranging from 10 μm to 100 μm. Those droplets will achieve the 
same temperature with the ambient air before them entering the test section. The desired MVD 
and liquid water content (LWC) can be achieved by adjusting the air/water pressures and the 
flowrate through the spray nozzles.  
The blade model used in the present study was designed based on a widely-used wind 
turbine outboard airfoil DU96-W-180, as shown in Figure 6.2 and Figure 6.3. DU96-W-180 is 
a cambered, asymmetric airfoil with favorable aerodynamic properties, i.e. high lift-to-drag 
ratio, benign stall behavior and insensitivity to contaminations [31,32]. The chord length of the 
blade model is 0.15 m. The model was 3D-printed with a hard plastic material, VeroWhitePlus, 
and uniformly coated with one layer of Primer and one layer of Protective Enamel. Its surfaces 
were carefully sanded with up to 2000 grit sandpaper for a perfectly smooth finish. The high-
flexible heating element was adhered to the blade surface using the 3M™ adhesive transfer 
tape and then coated with another layer of White Protective Enamel, as shown in Figure 6.2. 
During the experiment, the blade model was supported by three stainless rods, and mounted in 
161 
the middle of the test section at its 25% chord length position. In this experiment, the blade 
model was installed with an angle of attack (AoA) of 0 °. As the top view of the blade model 
shown in Figure 6.3, the model can be divided into two sides. The left side is used as the 
reference side without any anti-icing solution while the right side is implemented with “2RH” 
anti-icing strategy. The leading-edge heating element (i.e., H1) and surface heating element 
(i.e., H2) are powered with their individual AC power supplies. The desired input power 
densities (P.D.) into these two heating elements were achieved by adjusting the input voltages. 
During the experiments, the input voltages and currents were carefully adjusted and measured 
by using multi-meters. 
6.3.2 Experimental Setup and Procedures 
Figure 6.3 shows the experimental setup for the electric-thermal anti-icing tests over 
the surfaces of DU96-W-180 blade model. A high-speed camera (PCO Tech, Dimax) was 
installed right above the blade model to provide a top view visualization for the dynamic anti-
icing processes with a field resolution of 7.6 pixels/mm. An IR inspection window (FLIR, IR 
Window-IRW-4C) was embedded in the top panel of the test section. An IR camera (FLIR, 
A615) was mounted above it to measure the evolving surface temperatures of the blade model 
during the anti-icing process. It can detect waves in a range of 7.5 to 14.0 μm with a resolution 
of 4.5 pixels/mm. The high-speed imaging system and the infrared thermal imaging system 
were synchronized during the experiments in a framerate of 30 Hz by using a delay generator 
(BNC model 565). The emissivity coefficients of water, ice and White Protective Enamel 
covering the blade model are 0.95, 0.98 and 0.96, respectively[33]. Two surface thermocouples 
were taped underneath the blade surfaces with and without heating films, respectively, to 
guarantee the same temperature of the blade model as the ambient airflow temperature before 
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each test. The thermocouple was calibrated with the IR system and they were proved to be in 
good agreement, with an uncertainty less than ± 0.2 ℃.  
In order to thoroughly evaluate the proposed anti-icing strategy, a series of experiments 
were conducted in ISU-IRT.  Before the anti-icing evaluation, the heating film/element was 
tested and it showed a perfect thermal uniformity. The loaded wind turbine blade entirely 
covered with the heating element was tested in the ISU-IRT without spray system on to 
determine the forced convective heat transfers along the stream-wise direction of the blade, 
more information to be seen in Section 6.3 A. Then, the formal experiments to evaluate anti-
icing performance of the proposed “2RH” strategy were carried out under a wet glaze icing 
scheme and a dry rime icing scheme, respectively. The wet icing scheme with runback rivulet 
formation was duplicated with LWC = 2.0 g/m3, T∞ = -5 ℃, V∞ = 40 m/s, and MVD = ~20 μm, 
while the dry icing scheme without rivulet formation was simulated with LWC = 1.0 g/m3, T∞ 
= -10 ℃ and V∞ = 40 m/s, and MVD = ~20 μm. In each case, two minutes were used to 
guarantee that the heated surfaces have stable surface temperatures, and then the spray system 
was turned on to generate the super-cooled water droplets impinging onto the blade model. 
The minimum power densities (P.D.) for the leading-edge heating element (i.e., H1) and the 
surface heating element (i.e., H2) were carefully acquired for successful anti-icing under both 
wet and dry icing schemes. The successful anti-icing is defined as no ice formation and 
accumulation over the entire blade, including leading-edge region and surface/downstream 
region, during the icing process. 
6.4 Results and Discussion 
In this section, the heat transfer coefficient over the loaded wind turbine blade was 
estimated. Inspired by the uneven distribution of the heat transfer coefficient, the “2RH” 
system was developed and comprehensively evaluated under both wet and dry icing schemes. 
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From the detailed information provided by the high-speed images and evolving temperature 
distributions during the anti-icing process, recommendations for the further parametric study 
are provided.  
6.4.1 Heat Transfer Coefficient over the Loaded Wind Turbine Blade 
Heat transfer coefficient is an essential parameter for the design of anti-icing strategy. 
The DuPont’s heating film has a high uniformity and can be perfectly used to determine the 
heat transfer coefficient over the suction-side surface of DU96-W-180 blade. Without icing, 
after about 2-min heating up process, the blade entirely covered with a single heating element 
had stable surface temperatures. The moving-in heat fluxes during this process are mainly from 
the heating element. In this case, the adiabatic heating caused by the air friction is negligible 
due to the comparatively low Mach number (i.e., Ma = 0.12 < 0.30, the critical value). The 
moving-in heat fluxes are mainly lost through a) the convection heat transfer between the 
heated surface and the cold airflow, and b) the conduction heat transfer caused by the 
temperature difference between the heated surface and the blade. Compared to the convection, 
the conduction is negligible when Biot number is high [34]. In this case, Biot number 
/ 40bBi Lh k= ≥ , where L is the characteristic length, h is the heat transfer coefficient and kb 
is the thermal conductivity of the blade, therefore the convection plays a dominate role and can 
be estimated by using Eq. (6-1).  
1 ( )
Ph
A T T∞
=
⋅ −
                                                                     (6-1) 
where P is the input power in the area A, T∞  and T represent the temperature of the 
ambient airflow and surface temperature of the heated blade. Here, P/A is the defined as the 
power density (P.D.). 
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Figure 6.4 shows the convective heat transfer coefficients along the loaded DU96-W-
180 blade in various conditions with varying ambient air temperatures and incoming-flow 
velocities. Generally, they have the similar trends that the heat transfer coefficient gradually 
decreases as the Y/C increases from 0.0 to 0.6, and then slightly increases, due to the 
development of the heat boundary layer over the blade. The maximum convective heat transfer 
coefficient always occurs at the leading edge, indicating a locally strong heat transfer. This 
phenomenon indicates that a higher power input is required in the leading-edge region to 
maintain the comparatively high temperature above the freezing point. As shown in Figure 
6.4(a) with T∞ = -5 °C, the same temperature with the wet icing scheme, as the incoming flow 
velocity increases, the heat transfer coefficient slightly increases because the transfer process 
is accelerated by the higher velocity. The same trend can be seen in Figure 6.4(b) where T∞ = 
-10 °C, the same temperature with the dry icing scheme in this present study. It can be also 
noted that the heat transfer coefficient is higher at a higher ambient temperature by comparing 
between Figure 6.4(a) and Figure 6.4(b), mainly due to the acceleration of thermal motion of 
the molecules at a higher temperature. The incoming-flow velocity and the ambient air 
temperature will not significantly the trend of the convective heat transfer coefficient along the 
blade. It implies that the heat transfer is always strongest at the leading-edge region and higher 
power input is always needed at the leading edge no matter the flow conditions. Therefore, the 
“2RH” strategy, i.e., a higher power input in the leading-edge heating element and a lower 
power input for the surface heating element, is expected as a promising approach based on this 
phenomenon and can be widely applied to any flow conditions.  
6.4.2 Evaluation of the Proposed “2RH” Strategy under a Wet Icing Scheme 
The power consumption is the most important index to evaluate the electro-thermal 
strategies. In order to have a direct comparison among various strategies, a total power 
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consumption per unit area is defined, as shown in Eq. (6-2). The minimum power consumption 
by using the proposed “2RH” system for successfully anti-icing under a wet icing scheme (V∞ 
= 40 m/s, T∞ = -5 °C, LWC = 2.0 g/m3) is 1.6 kW (
2 2(3.50 / 30% 0.80 / 70% ) /kW m C kW m C C× + × ) for unit chord length blade per unit span 
length by using Eq. (6-2). Compared to the entire single heating strategy that consumes total 
input power per area of 3.5 kW/m2 ( 2(3.50 / 100% ) /kW m C C× ), the “2RH” strategy can save 
54% energy consumption under this wet icing scheme.  
1 21 2
. . . .
. . H H H Htotal
P D L P D L
P D
C
× + ×
=                                                      (6-2) 
where P.D. H1 and P.D. H2 represents the minimum power densities required for the 
leading-edge heating element (i.e., H1) and the surface heating element (i.e., H2) for successful 
anti-icing. LH1 and LH2 are the stream-wise dimensions of the H1 and H2, respectively, and C 
is the chord length. In the “2RH” strategy proposed in the present study, LH1and LH2 are 30% 
C and 70% C, respectively. 
In order to have a direct view of the dynamic icing / anti-icing processes, the snapshots 
taken by the high-speed imaging system are presented in Figure 6.5. Figure 6.5(a), (b), (c) 
show the 3-minute wet icing process (V∞ = 40 m/s, T∞ = -5 °C, LWC = 2.0 g/m3), a failure anti-
icing process and a successful anti-icing process by using the “2RH” strategy, respectively. 
During the dynamic icing process, only partial of the super-cooled water droplets carried by 
the oncoming flow impinging on to the blade model froze into ice, and another portion were 
keep in a liquid form. Due to the wet nature of this icing process, the unfrozen water driven by 
the airflow ran back and formed several rivulets in downstream region, as shown in the Figure 
6.5(a). After a 3-minute icing process, the blade was completed covered by ice structures. 
Through the entire single heating test, the minimum power input for preventing ice accretion 
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upon the leading area region under this condition was determined to be 3.5 kW/m2. By 
gradually decreasing the power input of the surface heating element (i.e., H2), the minimum 
power input for the “2RH” was acquired. Figure 6.5(b) shows the unsuccessful anti-icing 
process without enough power input of the H2. There was no ice accretion observed near the 
leading-edge area, and the water droplets merged together, forming several rivulets. However, 
the runback rivulets refroze at the downstream area. Once a thin ice layer formed, the 
subsequent runback water refreezing process would accelerate and finally a thick ice layer was 
formed. An additional energy over the downstream surface was added to energize the runback 
water to aid it remain in liquid form, as shown in Figure 6.5(c). The energized rivulets 
continued stretching downstream and finally shed away from the trailing edge of the blade, 
indicating a successful anti-icing process.  
The time evolutions of the temperature changes during the icing and anti-icing 
processes were acquired by using the infrared thermal imaging system. Figure 6.6 shows the 
temperature distributions over the reference-side surface and surface with “2RH” strategy at 
six representative moments. The power densities of the leading-edge heating element and the 
surface heating element are 3.50 kW/m2 and 0.80 kW/m2, respectively, and they are the 
minimum power required under this icing condition. After the heating elements H1 and H2 
came into the stable state in which the surface temperatures would not increase anymore, the 
surface temperatures on the “2RH” side were higher than the freezing point while the reference 
side without heating had a same temperature with the ambient airflow of -5 °C, as shown in 
Figure 6.6(a) when t = t0. A low temperature region could be observed clearly near the leading-
edge region due to the locally stronger convective heat transfer. The surface temperatures of 
the surface heating element were much lower than the leading-edge ones because less energy 
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was found to be required in the downstream region over the blade surface. After the super-
cooled water droplets that have the same temperature with the ambient airflow impinged onto 
the blade, a portion of them froze into ice and the released latent heat during the phase-change 
process resulted in a temperature increment on the reference side. On the “2RH” side, the 
super-cooled droplets absorbed heat from the surface, resulting in an immediate surface 
temperature decrease, as shown in Figure 6.6(b) and (c). As time goes on, the continuous 
impingement of the subsequent super-cooled water droplets continued taking away the heat 
from the heated surface due to their temperature differences. There was no ice formation 
observed over the heated surface during the 3-min anti-icing process. The temperatures in H2 
region were found to be lower than the freezing point, as shown in Figure 6.6(d), (e) and (f), 
indicating that the rivulets in a liquid form are super-cooled water. After the 3-min process, 
the ice accumulated upon the leading-edge area was in a large amount, as shown in the Figure 
6.6(f) highlighted with a red rectangle. 
In order to have a better understanding of the exact temperatures at various locations, 
the span-wise averaged temperature variations ΔT at four selected locations Y/C= 0.1, 0.2, 0.3, 
and 0.4 are provided in Figure 6.7. ΔT is defined as the temperature difference at a certain 
moment with the initial state without water impingement and without heating. Because at the 
initial time, the surface temperature equals to the ambient air temperature of -5 °C, the ΔT = 5 
°C indicates the real temperature of the freezing point of 0 °C. Rapid increments can be 
observed at the first fifteen seconds over the reference-side surface (dash line), mainly due to 
the relaxation of the latent heat during the icing process. As the Y/C increases, the temperature 
increment decreases due to the less latent heat release caused by locally lower water collection. 
On the heated side with “2RH” strategy, a sharp temperature drop can be observed at the first 
168 
fifteen seconds and then the ΔT comes to a quite stable state without obvious variations. At 
Y/C = 0.1, 0.2, 0.3, corresponding to the leading-edge heating element, the real temperatures 
are slightly higher than the freezing point. At Y/C = 0.4, corresponding to the surface heating 
element, the real temperatures are slightly lower than the freezing point. However, from the 
snapshots from the high-speed imaging system, the runback water over the surface was found 
to be still in a liquid form, indicating that the wet running water over the heated surface might 
be in a comparatively stable super-cooled water state. 
6.4.3 Evaluation of the Proposed “2RH” Strategy under a Dry Icing Scheme 
The proposed “2RH” shows a good anti-icing performance in the aforementioned wet 
icing scheme. In a dry icing scheme, the ambient air temperature, as well as the LWC, will be 
much lower, which will significantly alter the ice formation process over the blade surface, 
and in turn may affect the electro-thermal anti-icing process. In this section, a dry icing 
condition with V∞ = 40 m/s, T∞ = -10 °C, LWC = 1.0 g/m3 was duplicated to evaluate the anti-
icing performance of the proposed “2RH” strategy. The minimum power consumption through 
the proposed “2RH” system for successfully anti-icing under dry icing scheme is 3.8 kW/m2 (
2 2(7.20 / 30% 2.30 / 70% ) /kW m C kW m C C× + × ). Compared to the entire single heating 
strategy which has a minimum power consumption of 7.2 kW/m2 ( 2(3.50 / 100% ) /kW m C C×
), the “2RH” strategy can save 48% power consumption under this dry icing scheme.  
Figure 6.8 shows the 3-min icing and anti-icing processes over the suction-side surface 
of DU96-W-180 blade under the dry icing scheme (V∞ = 40 m/s, T∞ = -10 °C, LWC = 1.0 
g/m3). During the dry icing process, the super-cooled water droplets impinging onto the surface 
frozen immediately and no rivulet formation was observed in the downstream region due to 
the lack of runback water. The tiny ice structures accumulated at the leading-edge region, 
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growing towards the oncoming flow direction in an opaque color due to the embedded tiny air 
bubbles. Figure 6.8(b) and (c) show an unsuccessful and a successful anti-icing processes, 
respectively. In these two cases, they have the same power input for the surface heating element 
(i.e., H2) of 2.30 kW/m2. The runback water, from the leading-edge impingement region to the 
downstream region was heated up as they ran over the surface driven by the oncoming airflow 
and finally shed away from the surface. If the leading-edge heating element had the enough 
energy input, the impinging water droplets onto the blade would be fully energized and heated 
up, as shown in Figure 6.8(c). However, if the power input of the leading-edge heating element 
was not high enough, only a portion of impinging water droplets could keep in a liquid form 
and the others would freeze into ice and accrete at the leading-edge region, as shown in the red 
squares in Figure 6.8(b). Compared to the aforementioned wet icing scheme (V∞ = 40 m/s, T∞ 
= -5 °C, LWC = 2.0 g/m3), the minimum power per area to keep the blade free of ice is much 
higher due to the comparatively low temperature of the ambient airflow. More energy is needed 
for the heating elements to keep high surface temperatures above the freezing point and to 
provide heat sources to the super-cooled droplets with a lower temperature of -10 °C. 
Figure 6.9 shows the temperature distributions over the reference-side surface and the 
side with “2RH” strategy during a dynamic dry icing scheme with a lower ambient air 
temperature -10 °C and a lower LWC 1.0 g/m3. When t = t0, the heating elements have already 
achieved the stable state, and the reference-side surface has a uniform temperature of -10 °C, 
as shown in Figure 6.9. Comparatively higher initial temperatures are required for a successful 
anti-icing process due to the lower temperature of the impinging water and ambient airflow. 
The power densities of the leading-edge heating element and the surface heating element are 
7.20 kW/m2 and 2.30 kW/m2, respectively, and they are the minimum power required under 
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this icing condition. And then, the spray system was turned on. At t = t0 + 2 s, as shown in Fig. 
9(b), as the super-cooled water droplets impacted onto the surface, a smaller region in high 
temperatures (light blue) on the reference side was observed due to the immediate freezing 
process of the dry icing scheme. As time goes on, as shown in Figure 6.9(c) to (f), on the 
reference side, the temperature increase caused by the latent heat release was concentrated on 
the leading-edge region, corresponding to an ice growth towards the oncoming flow direction, 
which was observed from the high-speed images. That region represents the area with direct 
water impingement and the dimension of it gives us a hint of the improvement for the current 
design. On the heating side with “2RH” strategy, the anti-icing process came into a 
comparatively stable state in which the temperature distributions over the surface would not 
change much. From 20% chord length to 30% chord length locations, comparatively high 
temperatures are observed, proving us an inspiration of optimizing the present strategy by 
adjusting the dimensions of the leading-edge and surface heating elements. Figure 6.10 provide 
a more direct view of this optimization. Figure 6.10(a) shows the locations that the temperature 
variations are extracted from and Figure 6.10(b) shows the time evolutions of the span-wise 
averaged temperature variations during the icing and anti-icing process. At Y/C = 0.1, after the 
droplets impingement, the ΔT decreases dramatically from 20 °C to 10 °C, corresponding to 
the real temperature of the freezing point. The temperatures need a longer time to come into 
the stable state (i.e., 30 second) than that of the wet icing scheme (15 second), corresponding 
to a larger temperature decline caused by the higher heat consumption. The temperature at Y/C 
= 0.2 has an approximately 10-15 higher temperature than the freezing point, indicating that a 
portion of the input energy in this region is wasted. At Y/C = 0.3, the boundary of H1 and H2, 
the temperature was greatly affected by these two heating elements, and the temperature was 
171 
found to be still higher than the freezing point. At Y/C = 0.4, the final temperature was found 
slightly lower than the freezing point, but the runback water was still in a liquid form. That 
means the runback water has enough energy to run over the surface before it refreezes into ice 
with this power input of 2.30 kW/m2. In summary, to further optimize the current design, a 
smaller size of leading-edge heating element (i.e., H1) should be one of the directions. 
6.5 Conclusions 
In the present study, a “2RH” anti-icing strategy for wind turbine blade was proposed 
based on DuPont ™ Kapton® RS heating film. This strategy was inspired by the uneven heat 
transfer along the loaded blade, analyzed through the heating, no-icing tests over the surface 
of DU96-W-180 blade model at ISU-IRT. In “2RH” strategy, two separate heating elements 
were used. The leading-edge heating element covering the first 30% chord length of the model 
was found to need a higher power input due to the locally stronger convective heat transfer and 
larger water collection. The downstream/surface heating element covering the rest/downstream 
70% chord length of the model was found to require a comparatively lower power input 
compared to the leading-edge heating element due to the much lower convective transfer. 
Through the individual controlling of the power inputs to the leading-edge and surface heating 
elements, the total power consumption could be dramatically reduced. The total power 
consumptions to keep the blade/airfoil model completely ice-free were only 54% and 48% of 
those of the equivalent uniform single heating strategy under wet and dry icing schemes, 
respectively.  
The proposed “2RH” strategy was comprehensively evaluated through a series of tests 
conducted at ISU-IRT. A high-speed imaging technique was utilized to visualize the dynamic 
anti-icing process while an infrared thermal imaging technique was used to quantitatively 
measure the surface temperatures during the anti-icing processes. During the anti-icing 
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process, impinging water droplets would cause a dramatic drop in surface temperature within 
the first approximately 30 seconds under the dry icing scheme and 15 seconds under the wet 
icing scheme. The surface temperature decrease during this period under dry icing scheme was 
found to be almost twice of that under the wet icing scheme, and similar trend was observed 
in power consumption. Additionally, the water running back over the heated surface was found 
to be able to remain in a super-cooled state under the wet icing scheme. The direct impingement 
region was found to be within the 10% chord length area, indicating that a waste of input power 
occurred at the approximately 10%-30% chord length region. Therefore, in the future work, 
the dimensions of the leading-edge heating element should be further decreased and 
systematically studied to optimize the present “2RH” strategy. 
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Figure 6.1  Baseline electric resistive heating film.  (a) Photo of the DuPont™ Kapton® RS; 
(b) Cross-section view. 
 
Figure 6.2  Configuration of “2RH” anti-icing strategy. “H1” and “H2” indicate the leading-
edge heating element and the surface heating element, respectively. 
 
 
Figure 6.3  Experimental setup for the “2RH” anti-icing strategy over the surfaces of DU96-
W-180 blade model in ISU-IRT by using a high-speed imaging system and an infrared 
thermal imaging system. 
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(a) T∞ = -5 °C (b) T∞ = -10 °C 
Figure 6.4  Convective heat transfer coefficients along the wind turbine blade under various 
ambient temperatures. Y indicates the downstream locations and it is normalized by the 
chord length (C). Y/C = 0.0 and Y/C=1.0 correspond to the leading edge and trailing edge of 
the blade model. 
 
Figure 6.5  Visualization of anti-icing process over the suction-side surface of DU96-W-180 
blade model under a wet icing condition where V∞ = 40 m/s, T∞ = -5 °C, LWC = 2.0 g/m3. (a) 
Without heating; (b) Fail to anti-icing; and (c) Succeed to anti-icing.  
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Figure 6.6  Temperature distributions during a successful anti-icing process over the suction-
side surface of DU96-W-180 blade model under a wet icing condition where V∞ = 40 m/s, T∞ 
= -5 °C, LWC = 2.0 g/m3.  
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Figure 6.7  Time evolutions of temperature variations during a successful anti-icing process 
over the suction-side surface of DU96-W-180 blade under a wet icing condition where V∞ = 
40 m/s, T∞ = -5 °C, LWC = 2.0 g/m3.  
 
Figure 6.8  Visualization of anti-icing process over the suction-side surface of DU96-W-180 
blade model under a dry icing condition where V∞ = 40 m/s, T∞ = -10 °C, LWC = 1.0 g/m3. 
(a) Without heating; (b) Fail to anti-icing; and (c) Succeed to anti-icing. 
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Figure 6.9  Temperature distributions during a successful anti-icing process over the suction-
side surface of DU96-W-180 blade model under a dry icing condition where V∞ = 40 m/s, T∞ 
= -10 °C, LWC = 1.0 g/m3. 
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Figure 6.10  Time evolutions of temperature variations during a successful anti-icing 
process over the suction-side surface of DU96-W-180 blade under a dry icing condition 
where V∞ = 40 m/s, T∞ = -10 °C, LWC = 1.0 g/m3. 
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CHAPTER 7.    A HYBRID STRATEGY COMBINING MINIMIZED LEADING-
EDGE ELECTRIC-HEATING AND SUPERHYDRO-/ICE-PHOBIC SURFACE 
COATING FOR WIND TURBINE ICING MITIGATION 
Linyue Gao, Yang Liu, Liqun Ma, Hui Hu 
Department of Aerospace Engineering, Iowa State University, Ames, IA, 50011-2271, United States 
(Published on Renewable Energy, Vol. 140, pp943-956, 2019) 
Abstract 
A hybrid anti-icing strategy that combines minimized electro-heating at the blade 
leading edge and a superhydro-/ice-phobic coating to cover the blade surface was explored for 
wind turbine icing mitigation. The experimental study was conducted in an Icing Research 
Tunnel available at Iowa State University (ISU-IRT) with a turbine blade model with DU91-
W2-250 airfoil in the model cross-section exposed under different icing conditions. While a 
superhydro-/ice-phobic surface coating was used to cover the entire blade surface, a strip of 
electric heating film was used to wrap around the leading edge of the blade model. By using 
the superhydro-/ice-phobic coating to cover the entire blade surface, the hybrid strategy with 
the electric heating element covering only 5% ~ 10% of the blade front surface would be able 
to keep the entire blade surface ice free under both rime and glaze icing conditions. In 
comparison to the conventional strategy to brutally heating the entire hydrophilic blade surface 
to keep the blade ice-free, the hybrid strategy was found to be able to achieve the same anti-
/de-icing performance with substantially less power consumption (i.e., up to ~90% saving in 
the required power consumption), making it a very promising strategy for wind turbine icing 
mitigation. 
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7.1 Introduction 
Wind energy is the most promising clean and renewable energy that can be used to 
generate electricity [1]. According to a report published by British Petroleum Global, wind 
power generation reaches 960 TWh with an increment of 15.6% in 2016, providing 
approximately 4% of the total electricity generation in the world [2]. In Demark, wind turbines 
deliver 44% of the total electricity consumption of the country in 2017. With the surge of wind 
energy installations, cold climate areas become more and more attractive to wind farm 
developers due to the abundant wind resources and relatively low population densities in the 
areas. As described in the report of Lehtomaki [3], Global wind power generation in cold 
climates is approximately 127 GW by the end of 2015, with a promising forecasted annual 
growth of 12 GW from 2016 to 2020. 72%, 94% and 19% of the wind turbines have the 
opportunity to encounter various icing events in climate regions of North America, Europe, 
and Asia, respectively [3]. Wind turbine icing has been found to pose tremendous threats to 
the integrity and safe operation of the wind turbines. Accumulated ice on wind turbine blades 
can significantly alter the geometric shapes and increase the surface roughness, resulting in 
dramatic aerodynamic performance degradations of the turbine blades, and accounting for up 
to 30% of the annual energy production (AEP) [4–6]. The uneven distributions of ice accreted 
over the turbine blade surfaces in both spanwise and chordwise directions would add additional 
loadings or vibrations to the turbine rotors, which can greatly threaten the health of wind 
turbine components and shorten the operation lifetime of the wind turbines [7,8]. The 
secondary effects, including the increased noise and the sudden shedding/fall of large ice 
chucks [9,10], could seriously affect human life and property security in the neighboring area. 
Therefore, it is highly desirable and urgently needed to develop effective solutions for wind 
turbine icing mitigation. 
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While a number of anti-/de-icing systems have been used for wind turbine icing 
mitigation[11–15], almost all the current anti-/de-icing strategies were originally developed 
for aircraft anti-/de-icing applications. The anti-/de-icing methods can usually be divided into 
two categories: i.e., passive methods and active methods. The passive methods, including ice-
phobic/hydrophobic coatings [10,16–26], black paintings [16], and operation stops, are usually 
used for anti-icing purposes to prevent or delay ice formation over wind turbine surfaces. The 
active methods usually require external energy input for anti-/de-icing operation, which 
include surface heating methods (e.g., hot air injection, resistive heating, microwave heating 
[27], and plasma heating [28,29]), mechanical actuation methods (e.g., inflated rubber boots 
[16,30,31]), chemical spray methods (e.g., spraying low-freezing-point anti-icing liquids), and 
active pitch control methods [32,33].  
Among various active anti-/de-icing methods, surface heating methods are considered 
to be the most efficient approaches to prevent ice formation/accretion over the turbine blade 
surface. Hot air injection and electric heating are the two most-commonly-used surface heating 
methods for wind turbine icing mitigation [3,12]. Hot air injection systems, first 
commercialized by ENERCON in 2011 [34], use hot airflow circulating inside the hollow 
turbine blades for icing mitigation. However, due to the low thermal conductivity of the 
composite materials used to make wind turbine blades, hot air injection systems were found to 
lead to a great deal of energy loss during the anti-/de-icing operation. In comparison to the hot 
air injection methods, resistive electric heating methods (i.e., electric heating over outer 
surfaces of turbine blades) are found to have a comparatively low energy consumption and 
high flexibility in installation for both existing and newly-developed wind turbines [3,12]. 
However, as the dimension of the turbine blades increases, the required energy consumption 
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by using the electric heating methods would increase dramatically. In order to ensure most of 
the electricity generated by wind turbines can be integrated into the power grid, instead of 
being consumed locally to brutally heat the blade surfaces for anti-/de-icing operation, it is 
highly desirable to develop novel and effective anti-/de-icing strategies with minimized power 
consumption for the anti-/de-icing operation.  
Due to the low installation cost and almost zero energy consumption, passive anti-icing 
approach with hydro-/ice-phobic surface coatings attract more and more attention recently as 
a viable strategy for wind turbine icing mitigation. Inspired by the outstanding self-cleaning 
capability of lotus leaf and duck feather, extensive studies have been conducted in recent years 
to develop coatings to make Super-hydrophobic Surfaces (SHS) [10,17–21,35], on which 
water droplets bead up with a very large contact angle (i.e., > 150°) and drop off rapidly when 
the surface is slightly inclined. One attractive application of SHS, in addition to the 
extraordinary water-repellency, is their potentials to reduce snow/ice accumulation on solid 
surfaces. Under a frost-free environment (i.e., low humidity conditions), SHS was found to 
show promising behaviors in delaying ice formation [36,37] even at temperatures as low as -
25 to -30 °C [35,38–47]. Gao et al. [36] studied the anti-icing properties of SHS coatings over 
an aluminum plate under both laboratorial and natural icing conditions, and confirmed that 
SHS could alleviate ice formation/accretion to some extent. Mangini et al. [48] investigated 
the mechanism of runback ice formation on a superhydrophobic surface, and found that surface 
wetting property could dramatically change the ice formation process. More recently, Khedir 
et al. [39] conducted a comprehensive review to summarize the recent research progress on the 
development of various superhydrophobic surfaces and their applications for icing mitigation. 
Other passive anti-icing approaches, such as using slippery liquid-infused porous surfaces 
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(SLIPS) [42,49,50] and soft PDMS materials [51], have also been explored under various icing 
conditions in recent years.  As demonstrated by Liu et al. [51] and Waldman et al. [52], for 
airfoil/wing models coated with hydro-/ice-phobic coatings, ice formation/accretion would be 
mitigated greatly since the aerodynamic forces exerted from the boundary layer airflows would 
sweep away the water /ice away from most of the SHS coated airfoil/wing surfaces. However, 
ice was still found to form in the vicinity of the stagnation line near the airfoil/wing leading 
edge. The findings indicate that, no passive anti-icing approaches with hydro-/ice-phobic 
surface coatings would be able to prevent ice formation/accretion over the airfoil surface 
completely [51]. This highlights one of the major challenges facing the hydro-/ice-phobic 
coating strategies. The hydro-/ice-phobic coatings could produce low adhesion forces between 
the surface and water/ice and rely on aerodynamic shear forces acting tangentially to the 
surface to remove the water/ice accretion. Such passive approaches would break down near 
the stagnation line because the required shear forces near the stagnation line are very small or 
completely vanishes. Further exacerbating the problem is that the water collection efficiency 
is a maximum at the airfoil stagnation line.  
Advancing the technology for safe and efficient operation of wind turbines under 
atmospheric icing conditions requires the development of novel, effective and low-power anti-
/de-icing strategies for wind turbine icing mitigation and protection. In the present study, we 
report the research progress made in our recent efforts to explore a novel hybrid anti-/de-icing 
strategy by combining the passive anti-icing method with water/ice repellent superhydrophobic 
surface (SHS) and minimized surface heating near blade leading edge for wind turbine icing 
mitigation. The hybrid anti-/de-icing strategy was experimentally evaluated and compared 
quantitatively with other conventional passive and active anti-/de-icing strategies in terms of 
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effectiveness and required power consumption for the anti-/de-icing operation. The explorative 
study was conducted by using a unique Icing Research Tunnel available at Iowa State 
University (ISU-IRT) to generate both wet glaze and dry rime icing conditions to be 
representative of the typical icing conditions experienced by wind turbines when operating in 
cold climates. A composited-based turbine blade model with DU91-W2-250 airfoil shape in 
the model cross-section was manufactured and mounted in the test section of ISU-IRT to 
evaluate the effectiveness of hybrid anti-/de-icing strategy for wind turbine icing mitigation. 
During the experiments, while a high-speed imaging system was used to record the dynamic 
ice accretion processes on the turbine blade model, an infrared (IR) thermal imaging system 
was utilized to map the surface temperature distributions during the dynamic anti-/de-icing 
operation. A parametric study was also performed in order to explore/optimize the design 
paradigms of the hybrid anti-/de-icing strategy in order to minimize the power consumption 
needed for the anti-/de-icing operation. 
7.2 A Brief Description of the Hybrid Anti-/De-Icing Strategy  
Wind turbine anti-/de-icing operation refers to prevent ice formation/accretion over the 
surfaces of turbine blades. As described above, it can be effectively achieved by using active 
approaches to electrically heat the blade surfaces either in an evaporative regime in which the 
blade surface is heated up to over 100 °C to evaporate all the impinged super-cooled water 
droplets [53] or a wet water runback regime in which the impinged super-cooled water droplets 
are heated up to a “warmed” state (i.e., at the temperature greater than the water frozen 
temperature) in order to remain in liquid phase [12]. The evaporative regime requires an 
extremely high-power input to the electric heating element in order to maintain the heated 
blade surface at a high temperature over 100 °C under atmospheric icing conditions, which 
might also cause unexpected over-heating issues to the composite-based turbine blade epoxy. 
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In comparison to the evaporative regime, the wet water runback regime is much safer and 
energy-saving, thus, is preferred and selected in the present study.  
When operating in the wet water runback regime, the impacted water mass would 
accumulate over the blade surface and run back over the blade surface as driven by the 
boundary layer airflow. Since the “warmed” surface water would be cooled down rapidly as 
running back over the frozen-cold blade surface and may be refrozen in ice over the blade 
surface, it usually requires the entire blade surface to be heated in order to avoid the refreezing 
of the runback water in the downstream region beyond the area protected by the electric heating 
element. As described in the recent study Gao et al. [54], due to the much stronger convective 
heat transfer near the airfoil leading-edge (LE), it would require a much greater power input to 
prevent ice formation/accretion in the region near the blade leading edge, in comparison to 
those over the downstream regions, for the anti-/de-icing operation. Since the super-cooled 
water droplets would be impacting onto the blade surface mainly in the region near the blade 
leading edge, i.e., within the droplet impinging limit near the airfoil leading edge as described 
in Papadakis et al. [55], LE heating is essential to prevent ice formation/accretion upon the 
impacting of the super-cooled water droplets onto the turbine blades. The main challenge for 
the LE heating-based strategy is how to prevent refreezing of the runback surface water at the 
downstream region of the turbine blade surface. Since the composite-based turbine blade 
surfaces are typically hydrophilic, the moving speed of the runback surface water is usually 
relatively slow with the bigger wetted area over the hydrophilic blade surface. One commonly 
used method to prevent refreezing of the runback surface water over the hydrophilic blade 
surface is to extend the size of the area protected by the electric heating element, i.e., brutally 
heating a much greater area over the blade surface to enable the runback surface water to stay 
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in liquid phase until shedding off for the blade trailing edge (TE). Such a solution could lead 
to a massive heated area over the turbine blade, i.e., up to 100% of the hydrophilic blade 
surface, in order to keep the entire blade surface free of ice, thereby, resulting in a very high 
power consumption for the anti-/de-icing operation.  
As reported in the recent studies of Waldman et al.[52] and Liu et al. [56], in 
comparison to those over hydrophilic surfaces, the capillary forces and/or ice adhesion strength 
over superhydrophobic-/ice-phobic surfaces would become much smaller. As driven by the 
same magnitude of the aerodynamic force tangential to the surfaces, the surface water or 
ice/water mixture would runback much faster over superhydrophobic-/ice-phobic surfaces than 
that over hydrophilic surfaces. Therefore, another more promising solution to prevent the 
formation of runback ice over the turbine blade surface is to coat the entire turbine blade 
surface with a superhydrophobic-/ice-phobic coating, which could make the surface water 
move much faster over the blade surface and roll off swiftly from the turbine blade before 
being refrozen into ice. 
With this in mind, we conducted the present study to explore/evaluate a hybrid anti-
/de-icing strategy that combines an active LE heating method and a passive SHS coating 
method for wind turbine mitigation. Figure 7.1 shows the configuration of the hybrid anti-/de-
icing strategy. In the present study, while the turbine blade model without any surface 
treatments was used as the comparison baseline (i.e., the 1st layer in Figure 7.1), an electric 
heating film was used to wrap around the leading edge of the blade model in order to heat up 
the impacted super-cooled water droplets to effectively avoid ice formation/accretion within 
the impacting region near the blade leading edge (i.e., 2nd layer in Figure 7.1). A spray-on SHS 
coating was then applied onto the outmost layer of the turbine blade model (i.e., 3rd layer in 
189 
Figure 7.1) to bounce off the impinging water droplets near the blade leading edge and to 
reduce the capillary force/ice adhesion strength of the runback water/ice mixtures over the 
blade surface in order to prevent refreezing of the runback surface water with a much smaller 
power consumption for wind turbine icing mitigation. 
7.3 Experimental Setup and Test Model 
7.3.1 ISU-IRT Used in the Present Study 
The experimental study was performed in the unique Icing Research Tunnel available 
at Iowa State University (i.e., ISU-IRT), which is a newly-refurbished, multifunctional icing 
research tunnel. As shown schematically in Figure 7.2, ISU-IRT has a test section with four 
optically transparent side walls and its dimension of 2.0m in length × 0.4m in width × 0.4m in 
height. It has a capacity of generating a maximum wind speed of 100m/s and airflow 
temperature down to -25°C. An array of pneumatic atomizers/spray nozzles (Spraying Systems 
Co., 1/8NPT-SU11) were installed at the entrance of the contraction section of ISU-IRT to 
generate micro-sized water droplets with a medium volumetric diameter (MVD) ranging from 
10 μm to 100 μm. The desired MVD and liquid water content (LWC) in ISU-IRT can be 
achieved by adjusting the air/water pressure and the flow rate supplied to the atomizers/spray 
nozzles. In summary, ISU-IRT is capable to duplicate a wide range of atmospheric icing 
conditions, i.e., from dry rime to very wet glaze icing conditions representative of typical wind 
turbine icing envelope [32,57–59]. Further technical details about ISU-IRT can be found in the 
published literature of Gao et al. [33] and Liu et al.[60].  
7.3.2 The Turbine Blade Model Used in the Present Study 
A wind turbine blade section model with DU91-W2-250 airfoil profile in the cross 
section was manufactured for the present study. DU91-W2-250 airfoil profile was widely used 
for wind turbine blade design due to its favorable aerodynamic performance and structural 
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properties [61,62]. The turbine blade model is 0.15 meters in airfoil chord length (i.e., C= 0.15 
m) and 0.40 meters in spanwise length, which fits nicely into the test section of ISU-IRT. The 
turbine blade model was 3D-printed with a hard plastic material (i.e., VeroWhite-Plus), which 
represents well to the composite-based materials used to make wind turbine blades. The 3D-
printed blade model was coated with several layers of spray-on primer, and then sanded with 
up to 2000 grid fine sandpapers to achieve a very smooth finish. An all-weather protective 
spray-on enamel coating (Rustoleum™, Flat Protective Enamel, white in color) was coated 
onto the sanded model surface to achieve the commonly-used surface for wind turbines, i.e., 
hydrophilic surface (HPS). 
As shown schematically in Figure 7.2, the turbine blade model was divided into four 
distinct sections along the spanwise direction in order to provide a side-by-side comparison of 
different anti-/de-icing strategies, including 1).the turbine blade model with a hydrophilic 
surface (i.e., HPS case), 2). the turbine blade model with coated with a SHS coating (i.e., SHS 
case); 3). the turbine blade model wrapped with an electric heating film at the blade leading 
edge but coated with a hydrophilic surface coating over the blade surface (i.e., LE heating only 
case); and 4). the hybrid strategy that combines the LE heating and a SHS coating to cover the 
entire blade surface (i.e., hybrid case). In the present study, the HPS case is representative of 
conventional wind turbine blade surfaces, which is the baseline for the comparative study. The 
SHS case was produced by spraying a commercially-available superhydrophobic coating (i.e., 
with HydrobeadTM Standard with Hydrobead TM Enhancer) to cover the entire blade surface. 
In the present study, the LE heating was achieved by using a thin electric heating film (i.e., 
DuPont™ Kapton® RS with a film thickness of 50 μm) to cover the leading edge of the turbine 
blade model. The thin heating film has a good heat uniformity and design flexibility, which 
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can easily wrap around the leading edge of the blade model for the anti-/de-icing purpose. The 
hybrid strategy case was achieved by combining the LE heating along with SHS coating at the 
outmost layer of the blade model surface, as shown schematically in Figure 7.1. 
In the present study, the electric heating element was powered by an alternative current 
(AC) power supply. The output voltage and electric current supplied to the electric heating 
element were measured with a multi-meter, and the measured values were used to determine 
the required power consumption for the anti-/de-icing operation. In order to determine the 
minimum value of the required power input for successful anti-/de-icing operation (i.e., to 
prevention ice formation/accretion over the entire surface of the turbine blade model), a series 
of experiments were conducted by carefully adjusting the power input supplied to the electric 
heating element. The power input was first set to a comparatively high value (e.g., 5kW/m2 for 
glaze, while 10 kW/m2 for rime) to keep the entire surface of the blade model completely ice 
free. Then, the power input supplied to the electric heating element was slightly decreased by 
an interval of 0.3 kW/m2 until observable ice structure was found to accrete over the surface 
of the blade model. The smallest value of the power input required for successful anti-/de-icing 
operation (i.e., keep the entire surface of the turbine blade model ice-free) was recorded as the 
required minimum power consumption for the test case.  
7.3.3 Experimental Parameters Used in the Present Study 
It is well known that, the ice accretion process over the surface of wind turbine blades 
can be either glaze icing (i.e., only a portion of the super-cooled water droplets freeze into ice 
upon impacting onto the blade surface) and rime icing process (i.e., all the impacted super-
cooled water droplets freeze into ice immediately upon impacting onto the blade surface) 
depending on the combined effects of ambient temperature, wind speed, size of the super-
cooled water droplets, and Liquid Water Content (LWC) level in the airflow[15,60,63]. In 
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order to evaluate the effectiveness of various anti-/de-icing strategies under typical 
atmospheric icing conditions experienced by wind turbines, both a typical glaze icing condition 
(i.e., V∞ = 40 m/s, T∞ = -5 °C, and LWC = 2.0 g/m3) and a typical rime icing condition (i.e., V∞ 
= 40 m/s, T∞ = -10 °C, and LWC = 0.4 g/m3) were generated in ISU-IRT for the present study. 
For each test cases, ISU-IRT was operated at a pre-scribed frozen cold temperature level (e.g., 
T∞ = -5 °C for glaze icing and T∞ = -10 °C for rime icing) for at least 20 min under a dry airflow 
condition (i.e., without turning on the water spray system of ISU-IRT) to ensure that ISU-IRT 
reached at a thermal steady state. After the electric heating element was switched on for 
approximately 150 seconds to reach a relatively stable working condition, the water spray 
system of ISU-IRT was then turned on to start a 600-second icing experiment in order to 
evaluate the effectiveness of various anti-/de-icing strategies for wind turbine icing mitigation.  
In the present study, the turbine blade model was mounted in the middle of the test 
section of ISU-IRT via a stainless-steel rode at its ¼ chord, i.e., at the aerodynamic center of 
the blade model. The turbine blade model can be adjusted to the desired angle of attack (AoA) 
by pivoting the airfoil model about the supporting stainless-steel rod as measured with a digital 
angle gauge. For the present study, the turbine blade model was set to be at the angle of attack 
(AOA) of 5° (i.e., AOA= 5°, at the angle with the maximum lift-to-drag ratio for the DU91-
W2-250 airfoil), which would be representative of the wind turbine blade operating under the 
most efficient operation condition.  
It should be noted that, the effects of the gravity of the impinging super-cooled water 
droplets on the dynamic ice accreting process over the turbine blade model were carefully 
assessed in the present study by using a nondimensional Froude number (i.e., Fr = V∞/�𝑔𝑔𝑔𝑔, 
where V∞ is the incoming airflow velocity, g is the constant of the gravitational field, and C is 
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the chord length of the turbine blade model). It was found that the influence of the gravity of 
the impinging water droplets on the dynamic icing process is negligible (i.e., < 1.0%) for the 
test cases of the present study. 
7.3.4 High-Speed Imaging System and Infrared (IR) Thermal Imaging Systems Used in 
the Present Study 
During the experiments, a high-speed video imaging system (PCO Tech, DimaxTM with 
acquisition rate up to 25,000 frames per second at the spatial resolution of 1008 pixels by 1008 
pixels) was installed right above the turbine blade model to provide a top view visualization of 
the anti-/de-icing processes. The spatial resolution of the recorded high-speed images is 11.3 
pix/mm. A high-speed infrared (IR) thermal imaging system (FLIR, A615) was also utilized 
to quantitatively measure the surface temperature distribution over the surface of the turbine 
blade model during the anti-/de-icing operation. For the IR thermal imaging, an infrared 
window (FLIR, IR Window-IRW-4C) was embedded into the top panel of the ISU-IRT test 
section. The spatial resolution of the acquire IR thermal images is 4.0 pix/mm.  It should be 
noted that the IR emissivity of water, ice and enamel covered the turbine blade model surface 
are 0.95, 0.98 and 0.96, respectively [64], which were used to correct the IR thermal imaging 
results. In the present study, two miniaturized K-typed thermocouples were also slush mounted 
on the upper surface of the turbine blade model in order to validate the IR thermal imaging 
results. The measurement data acquired from the thermocouples and the IR thermal imaging 
system were compared quantitatively, showing in a good agreement with an uncertainty less 
than ± 0.5 ℃.  
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7.4 Measurement Results and Discussion 
7.4.1 Effects of the Surface Properties of the Turbine Blade Model 
It is well known that, during a wind turbine icing event, the aerodynamic shear force 
acting on an ice structure accreted over the surface of a wind turbine blade would be resisted 
by the ice adhesion strength between accreted ice structures and the blade surfaces. A small 
ice adhesion strength over the blade surface is highly desired for an anti-/de-icing purpose. In 
the present study, by using a measurement technique similar to the one described in Meuler et 
al. [65], the ice adhesion strengths over the hydrophilic surface of the turbine blade model and 
the SHS coated blade surface were measured, and the measurement results were given in Table 
7.1. The mean and standard deviation values given in the table were calculated based on 10 
trials of the measurements. As shown clearly in Table 7.1, the ice adhesion strength on the 
original hydrophilic blade surface and the SHS-coated blade surface are found to be 1.40 MPa 
and 0.37 MPa, respectively, which are within the range of the ice adhesion strength values 
reported in the article of Kreder et al. [49] and Edalatpour et al. [66]. It should be noted that 
the ice adhesion strength on the SHS coated blade surface was found to be only ~25% of that 
over the original hydrophilic surface of the turbine blade model.  
Surface wettability, which is characterized by the contact angles of a water droplet on 
a solid surface, is used to describe the ability of a water droplet to maintain contact with the 
solid surface. It is usually also used to indicate the water repellency of the surface. In the 
present study, the contact angles of sessile water droplets over the original hydrophilic blade 
surface (i.e., HPS case) and the SHS coated blade surface (i.e., SHS case) were measured using 
a similar procedure as described in Waldman et al. [52]. As shown clearly in Figure 7.3, the 
contact angle of the water droplet sitting on the original hydrophilic blade surface is obviously 
smaller than 90◦ (i.e., θ ≈ 65o for the hydrophilic surface of the present study). The measured 
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contact angle of the water droplet on the SHS coated blade surface was found to be about 157 
o (i.e., θ ≈ 157o).  By using a similar needle-in-the-sessile-drop-method as that described in 
Korhonen et al. [67], the receding and advancing angles of water droplets (i.e., θadv and θrec) 
over the two compared surfaces were also measured, and the measurement results were 
summarized in Table 7.1.  
To have a more quantitative comparison about the effects of the surface wettability on 
icing process, especially for glaze icing process, the capillary forces that resist the water 
droplets sliding/rolling on the two compared surfaces were also calculated based on as a 
theoretical model derived in Waldman et al. [58], which is expressed in Eq. (7-1).  
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where R is the spherical cap radius of the water droplet, and LGγ  is the liquid-gas 
surface tension at the contact line. advθ  and recθ  represent the advancing and receding contact 
angles, respectively. 
By putting the measured advancing and receding contact angles listed in Table 7.1 into 
Eq. (7-1), the ratio of the capillary forces over the two compared surfaces can be estimated, as 
shown in Eq. (7-2). It can be seen clearly that, the capillary force acting a water droplet on the 
SHS coated blade surface is much smaller, i.e., only about 4.0 % of that on the original 
hydrophilic surface of the turbine blade model,  
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It is well known that the dynamics of the droplet impinging process can also affect the 
ice accretion process over the turbine blade surface the significantly. Similar as that described 
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in Liu et al. [51], a vertical wind tunnel was used to in the present study accelerate water 
droplets of ~3.0 mm in size to a comparatively high impacting speed (i.e., to reach a high 
impacting Weber number of We ≈ 3,000)  in order to simulate the dynamic impinging process of 
supercooled water droplets pertinent to wind turbine icing phenomena. Further information about 
the vertical wind tunnel and experimental setup for the water droplet impingement 
experimental is available in Liu et al. [51]. 
Figure 7.4 shows the time sequences of the acquired snapshot images to reveal the 
dynamic impinging processes of water droplets onto the hydrophilic blade surface and SHS-
coated blade surface (i.e., HPS case vs. SHS case) at a comparatively high Weber number of 
~3,100. It can be seen clearly that, when a water droplet impacted onto the hydrophilic blade 
surface, it would spread out in all directions to form “pancake-like” structure over the 
hydrophilic surface with the certain splashing of tiny water droplets at the boundary rim. As 
times goes by, the “pancake-like” structure would continue to spread out until reaching its 
maximum diameter, as shown in Figure 7.4(a). After that, the “pancake-like” structure would 
start to go through a receding process with the impacted water mass flowing from the spreading 
boundary back to the impinging center. In summary, upon impacting of the water droplet onto 
the hydrophilic surface, the impacted water would spread out rapidly to form “pancake-like” 
structure (i.e., a thin water film with a much larger contact area in comparison to the diameter 
of the water droplet) over the hydrophilic surface with most of the impacted water mass still 
remaining on the hydrophilic surface after the impinging process.  
In comparison to the spreading-receding process of the water droplet onto the 
hydrophilic surface, the dynamics of the droplet impinging process onto the SHS-coated blade 
surface was found to become much more involved, as shown clearly in Figure 7.4(b). After the 
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water droplet impinged onto the SHS-coated blade surface, it would spread out rapidly to form 
a thin water film over the impacted surface. However, instead of forming “pancake-like” thin 
water film over the impacted surface, the out-spreading water film was found to break into 
many tiny droplets, and bouncing off from the impacted surface immediately and splashing 
into the ambient air over the impacted surface, due to the existence of the nano-/micro-scale 
roughness/textures on the SHS-coated surface. As a result, upon dynamic impacting of the 
water droplet, most of the impacted water mass would be rebounding off from the surface, and 
only a small portion of the impacted water mass was found to remain on the impacted surface 
at the end of the impinging process. As shown clearly in Figure 7.4(b), even the remaining 
water mass would bead up over the SHS-coated surface with a much larger contact angle (i.e., 
θ > 150o) and a considerably small contact area. 
7.4.2 Comparison of the Anti-/De-Icing Performance of Various Strategies 
In the present study, a successful anti-/de-icing operation is defined as no ice structures 
would be able to accrete over the turbine blade surface during the anti-/de-icing process. The 
entire surface of the turbine blade model covered with an electric heating film element (i.e., 
100% surface heating) is selected as the reference for a further comparison of the power 
consumptions needed for the compared anti-/de-icing strategies. Figure 7.5 shows the 
examples of the successful anti-/de-icing operation by using 100% surface heating under both 
the wet glaze icing condition (i.e., V∞ = 40 m/s;  T∞ = -5 °C; LWC = 2.0 g/m3) and dry rime icing 
condition (i.e., V∞ = 40 m/s; T∞ = -10 °C; LWC = 0.4 g/m3). The minimum required power 
consumption for preventing glaze and rime ice formation over the blade model were found to 
3.20 kW/m2 and 6.80 kW/m2, respectively, for the strategy to heat entire blade surface (i.e., 
100% surface heating). Under the wet glaze icing condition, the impacted super-cooled water 
droplets were found to be heated up to stay in liquid phase, forming a thin water film over the 
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surface of the turbine blade model near the blade leading edge. The impacted water mass over 
the blade surface was found to run back rapidly as driven by the boundary layer airflow. The 
runback water film was found to split into multiple water rivulets at downstream locations, and 
finally shed off from the trailing edge of the turbine blade model, as shown clearly in Figure 
7.5(a). A similar process is also expected under the rime icing condition. It should be noted 
that, in comparison to the case under the glaze icing condition, the impingement of the super-
cooled water droplets within a certain time would be much less for the rime icing case due to 
the much low LWC level. As shown in Figure 7.5(b), most of the impinged water droplets were 
found to be evaporated upon impacting onto the heated blade surface near the leading edge, 
therefore, no obvious surface water runback was observed for the rime icing case. It should be 
noted that, the surface temperature of the unloaded turbine blade model (i.e., for the test case 
with V∞ = 0 m/s) was found to be quite uniform due to the high thermal uniformity of the 
electric heating film used in the present study. During the anti-/de-icing experiment, the surface 
temperature near the blade leading edge was found to be relatively lower in comparison with 
downstream regions, due to the stronger convective heat transfer near the airfoil leading edge. 
As described in Gao et al. [54], the required power consumption for the entire blade surface 
heating strategy (i.e., 100% surface heating) would be mainly determined by the anti-/de-icing 
process around the leading edge of the turbine blade model. 
Figure 7.6 and Figure 7.7 show the acquired snapshot images to reveal the anti-/de-
icing effectiveness of the hybrid strategy in comparison with other conventional anti-/de-icing 
strategies under the same glaze and rime icing conditions. The dynamic ice accretion process 
over the surface the turbine blade model without using any anti-/de-icing methods (i.e., the 
HPS case as the for the comparison baseline) under the same glaze and rime icing conditions 
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are also shown in the figures to reveal the total amount of the accreted ice structures to be 
removed for the anti-/de-icing operation. 
Figure 7.6(a) shows the dynamic ice accretion process over the hydrophilic surface of 
the turbine blade model without any ant-/de-icing measures (i.e., the baseline HPS case) under 
the glaze icing condition (i.e., V∞ = 40 m/s; T∞ = -5 °C; LWC = 2.0 g/m3).  It can be seen clearly 
that, after the super-cooled water droplets carried by the incoming airflow impinged onto the 
surface of the turbine blade model (i.e., mainly in the region near the leading edge of the blade 
model), only a portion of the impacted water droplets were found to be froze into ice. The 
remaining portion of the impacted water mass was found to form a thin water film flow at first, 
and then run back as driven by the boundary layer airflow over the iced surface of the turbine 
blade model. The water film flow was found to split into multiple rivulets as running back and 
was found to be frozen into ice subsequently at further downstream locations. As time goes by, 
more and more super-cooled water droplets would impact the turbine model surface. 
Therefore, the ice structures accreted over the turbine blade model were found to become larger 
and larger with a transparent appearance, i.e., a typical feature of glaze ice accretion. Finally, 
the entire surface of the blade model was found to be covered with complicated glaze ice 
structures as the ice accretion time increase long enough.  
In comparison to the ice accretion process over the hydrophilic blade model surface 
(i.e., HPS case), much less ice accretion was found over the SHS-coated blade model surface 
(i.e., SHS cases), as shown clearly in Figure 7.5(b). The accreted ice structures were found to 
mainly concentrate in the region near the blade leading edge, instead of covering a much 
greater area over the hydrophilic blade model. Similar as that reported in Liu et al. [56], the 
unfrozen surface water was found to be able to run back much faster over the SHS coated blade 
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surface, and more ready to shed or roll off from the SHS-coated blade model. As a result, no 
ice structures were found to accrete over the rear portion of the SHS-coated blade mode model, 
similar as that described in Mangini et al. [48]. It is suggested that there are two main reasons 
for the faster surface water runback over the SHS-coated blade surface: 1). With the same 
incoming freestream airflow velocity, in corresponding to the much greater contact angles and 
smaller wet area for the impacted water droplets/rivulets over the SHS-coated surface, the 
aerodynamic shear forces acting on the water droplets/rivulets over the SHS-coated surface 
would also become much greater. 2). Even for the scenario as driven by the same aerodynamic 
shear force, the much less resistance due to the smaller capillary force and weaker ice adhesion 
strength would enable a much faster moving speed of the runback water/ice mixtures over the 
SHS-coated blade surface (i.e., SHS case) in comparison to that over the hydrophilic blade 
surface (i.e., HPS case). 
It should also be noted that, since the aerodynamic shear forces in the region near the 
airfoil leading edge would become very small and even can be vanished at the stagnation line, 
they would be too weak to overcome the capillary force or/and ice adhesion strength, even 
over the SHS-coated blade surface. As a result, once the first ice features were found to accrete 
in the region near the stagnation line of the turbine blade model, the subsequent super-cooled 
water droplets would impact onto the surface of the accreted ice, instead of SHS-coated blade 
surface, which would accelerate the ice accretion process in the region near the blade leading 
edge tremendously. Therefore, as shown clearly in Figure 7.6(b), while the passive strategy 
with SHS coating was found to be able to reduce ice accretion over the SHS-coated blade 
surface significantly (i.e., ice accretion area was found reduced greatly from majority of the 
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blade surface to a much narrower region near the leading edge), it is still far from sufficient to 
successfully prevent ice formation/accretion over the entire surface of the turbine blade model. 
As shown clearly in Figure 7.6(c), the active strategy with 30%C LE heating was found 
to be very effective to eliminate ice formation/accretion in the region near the blade leading 
edge. It should be noted that, the input power density supplied to LE heating element for the 
present 30%C LE heating strategy was set to be 3.20 kW/m2, i.e., as the same value as the case 
with the entire surface heating strategy (i.e., 100% C heating) described above. It reveals 
clearly that, with the 30%C LE heating strategy, the region near the blade leading edge was 
found be completely ice-free, as expected. It indicates that the heat fluxes provided by the 
electric heating element wrapped around the blade leading edge is sufficient to heat up the 
impinged super-cooled water droplets and make them be in the liquid phase over the heated 
blade surface. However, as running back to reach further downstream regions, the impacted 
surface water could not always stay in the liquid phase over the blade surface. As shown clearly 
in Figure 7.6(c), when the surface water moved to further downstream region beyond the area 
protected by the electric heating element, the runback surface water was found to be frozen 
into ice eventually, i.e., forming runback ice in the downstream region at the rear surface of 
the turbine blade model. The irregular-shaped ice structures accreted over the rear surface of 
the turbine blade model would cause severe negative effects on the aerodynamic and structural 
performances of the turbine blades. In summary, by using the LE heating strategy only, it was 
also failing to keep the entire surface of the turbine blade model ice-free.  
Figure 7.6(d) shows the anti-/de-icing performance of the hybrid strategy that combines 
both the LE heating and SHS coating for wind turbine icing mitigation. During the entire 10-
min duration of the glaze icing experiment, the entire blade model was found to be completely 
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free of ice, showing outstanding anti-/de-icing performance. For the test case given in Fig. 
6(d), the minimum power density supplied for the electric heating element was set to be 2.70 
kW/m2, which is even smaller than that required value for the 30% LE heating strategy. This 
is believed to be due to the fact that the effective rebounding of the impacted super-cooled 
water droplets from the SHS coated blade surface would result in much less amount of the 
impacted water mass remaining on the SHS coated blade surface for possible ice 
formation/accretion.  
Figure 7.7 gives the experimental results to demonstrate the effectiveness of various 
anti-/de-icing strategies under the typical rime icing condition of V∞ = 40 m/s, T∞ = -10 °C, LWC 
= 0.4 g/m3, which reveal very similar features in the anti-/de-icing operation of the investigated 
strategies described above. As shown in Figure 7.7(a), under such a rime icing condition (i.e., 
much colder ambient temperature and lower LWC level), the super-cooled water droplets were 
found to be froze immediately upon impacting onto the hydrophilic blade surface, and start to 
form ice structures with opaque milk-white appearance and tiny grain size instantly. Since the 
impingement of the super-cooled water droplets carried by the incoming airflow concentrates 
mainly within a narrow region near the blade leading edge (i.e., mainly within the impinging 
limit as described in Liu et al.[60]), the ice structures were found to accrete mainly in the region 
near the blade leading edge. No runback ice accretion was observed over the surface of the 
blade model under the rime icing condition, as expected.  
In comparison to the ice structures accreted over the conventional hydrophilic surface 
of the turbine blade model, a marginal better anti-/de-icing capability was observed for the 
passive strategy with the SHS coating to cover the blade model surface. As revealed clearly in 
Figure 7.7(b), the thickness of the ice layer, as well as the ice accretion area near the blade 
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leading edge, were found to be much smaller over the SHS-coated blade surface, in comparison 
to those over the hydrophilic blade surface. As shown clearly in Figure 7.4(b), since the 
impacted super-cooled water droplets would be more readily to be bouncing off from impacted 
SHS, a small portion of the impacted water mass would remain on the SHS-coated blade 
surface for ice accretion.  
Figure 7.7(c) shows the acquired snapshot images for the active anti-/de-icing strategy 
case with 30% C LE heating. It can be seen clearly that, with a power input of 6.80 kW/m2 
supplied to the electric heating element wrapped around the blade leading edge, the impacted 
super-cooled water droplets were found to be heated up effectively to remain in liquid phase 
after impinging onto the heated blade surface. As driven by the airflow over the heated blade 
surface, the water mass collected at the blade leading edge would run back rapidly, moving to 
further downstream locations on the hydrophilic blade surface. Since the electric heating 
element covers only the first 30% of the blade surface for this case, the runback water was 
found to be frozen into the ice in the further downstream region beyond the area protected by 
the electric heating element. Therefore, runback ice accretion was observed to occur over the 
hydrophilic surface of the turbine blade model, i.e., at ~ 50% chord length downstream, as 
shown clearly in Figure 7.7(c).  
Figure 7.7(d) shows the acquired snapshot images of the case with the hybrid anti-/de-
icing strategy (i.e., combining 30% LE heating with SHS). It can be seen clearly that, the hybrid 
anti-/de-icing strategy was very successful again in preventing ice formation/accretion over the 
entire surface of the turbine blade model under the rime icing condition. As shown in Figure 
7.4(b), after impinging onto the SHS coated blade surface, the water droplets would break 
down into many smaller droplets with the majority of the impacted water mass bouncing off 
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from the SHS-coated blade surface. The remaining portion of the impacted water would be 
either evaporated directly over the heated blade surface or run back very fast, and eventually 
shedding/rolling off from the surface of the turbine blade model swiftly before being frozen 
into ice. As a result, no ice formation/accretion was observed over the entire SHS coated blade 
surface during the entire 10-min duration of the icing experiment. In summary, the 
experimental results given above demonstrate clearly that, the hybrid ant-/de-icing strategy 
would successfully prevent ice formation/accretion over the entire surface of the turbine blade 
model under both the glaze and rime icing conditions. 
7.4.3 Measured Surface Temperature Distributions during the Anti-/De-Icing 
Operation 
Figure 7.8 shows the time evolutions of the measured temperature distributions on the 
surface of the turbine blade model during the anti-/de-icing operations with the 30% C LE 
heating strategy (i.e., blade surface still being hydrophilic) and the hybrid anti-/de-icing 
strategy (30%C LE heating and SHS) under the typical glaze icing condition (i.e., V∞ = 40 m/s, T∞ = 
-5 °C and LWC = 2.0 g/m3). During the experiments, the same power input was supplied to the 
electric heating elements for the two compared cases. The time evolutions of the measured 
surface temperature variations (i.e., ΔT = T - T∞) at four typical down locations, i.e., at X/C = 
0.05, 0.10, 0.15 and 0.25 over the turbine blade model) were also given in Figure 7.8 for a 
quantitative comparison. 
After the electric heating element wrapped around the blade leading edge was switched 
on, the surface temperature in the region near the blade leading edge was found to increase 
monotonically at first, then reached a relatively stable state with the surface temperature of the 
heated blade surface being greater than the water frozen temperature (i.e., T > 0 °C). As shown 
clearly in Figure 7.8, the surface temperature at the rear portion of the heated blade surface 
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was found to much higher than those in near blade leading edge due to the much stronger 
conductive heat transfer process near the airfoil leading edge, as described in Liu and Hu [60]. 
The surface temperature in the downstream region right beyond the heated area was also found 
to increase slightly due to both the heat conduction via the substrate of the blade model and 
the heat convection via the boundary layer airflow over the surface of the turbine blade model.  
After the electric heating element reaching the thermal steady state at the time of t = t0, 
the water spray system of ISU-IRT was switched to start the anti-/de-icing experiment. As 
revealed clearly from the IR thermal imaging results given in Figure 7.8, upon the impacting 
of the super-cooled water droplets onto the turbine blade model, the surface temperature of the 
heated surface near the blade leading edge was found to drop dramatically at first, and then 
reached a stable state eventually. For the test case with the blade surface being hydrophilic, the 
temperature of the heated surface near the blade leading edge was found to stay slightly above 
the water frozen temperature (i.e., ΔT = T - T∞ ≈ 5.0 °C), as shown clearly in Figure 7.8(a). It 
indicates that, after impinged onto the heated blade surface, the super-cooled water droplets 
(i.e., with their original temperature being T∞ = -5 °C) would be heated up rapidly and stayed 
in the liquid phase. The impacted surface water would run back, as driven by the boundary 
layer airflow over the surface or the blade model. Since the ambient temperature was kept at a 
frozen-cold temperature of T∞ = - 5.0 °C during the anti-/de-icing experiment, the runback water 
was found to be re-frozen into ice at further downstream locations of the hydrophilic blade 
surface, as revealed clearly in the acquired snapshot image given in Figure 7.8(a).  It can also 
be seen that, the refreezing of the runback surface water at the downstream locations beyond 
the area protected by the electric heating element would lead to a slight temperature increase 
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due to the release of the latent heat of fusion during the solidification of the runback water 
[68].  
As shown clearly in Figure 7.8(b), for the test case of the hybrid anti-/de-icing strategy, 
the characteristics of the temperature variations over the SHS-coated blade surface were found 
to become quite different in comparison to those with the blade model surface being 
hydrophilic. Since the same power input was supplied to the electric heating element for the 
two compared cases, the temperature increase over the heated surface in the region near the 
blade leading edge was found to be quite similar before switching on the water spray system 
of ISU-IRT to start the ice accretion process, as expected. However, after switching on the 
water spray system of ISU-IRT to start the ice accretion process, the temperature variations 
over the SHS-coated blade surface for the hybrid anti-/de-icing strategy case were found to 
become significantly different those of the test case with hydrophilic blade surface. Since a 
significant portion of the impacted super-cooled water droplets would be bouncing off from 
the SHS-coated blade surface as shown in Figure 7.4(b), much less amount of the impacted 
water mass would remain on the SHS-coated blade surface. Since the same amount of the 
power input was supplied to the electric heating element for the two compared cases, the much 
less impacted water mass to be heated by the electric heating element over the SHS-coated 
blade surface would result in a much higher surface temperature of the heated blade surface. 
As shown, clearly in Figure 7.8(b), since the impacted surface water was heated up to a much 
higher temperature, it would be much more unlikely to be frozen into ice as running back over 
the SHS-coated blade surface. Furthermore, since the moving speed of the runback water 
would be much higher over the SHS-coated blade surface due to the much smaller capillary 
force, the impacted surface water would be much more readily to shed/roll off from the surface 
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of the turbine blade model before forming runback ice. Therefore, as shown clearly in the 
snapshot image given Figure 7.8(b), no ice was observed to over the SHS-coated blade surface 
for the case with the hybrid anti-/de-icing strategy. 
7.4.4 A Parametric Study to Explore/Optimize the Design Paradigm of the Hybrid Anti-
/De-Icing Strategy 
As described above, for the hybrid anti-/de-icing strategy with the electric heating 
element covering the front 30% of the blade surface, the impacted water droplets over the SHS-
coated blade surface would be heated up to a much higher temperature, i.e., well above the 
water freezing temperature to prevent ice formation/accretion. While it was found to be able 
to keep the entire blade model surface ice-free, a portion of the power input supplied to the 
electric heating element may be wasted due to the overheating of the impacted supper-cooled 
water droplets. Therefore, a parametric study was also performed to explore/optimize the 
design paradigm of the hybrid anti-icing strategy to minimize the required power input for the 
anti-/deicing operation. In the parametric study, the size of the electric heating film wrapped 
around the blade leading edge was changed to cover 5%, 10%, 30% and 100% of the blade 
surface, respectively. For the first three test cases (i.e., with the area coverage of the heated 
area being 5%, 10% and 30% of the blade surface), both the surface of the electric heating 
element and the rest of the unheated blade surface were all coated with the SHS coating. For 
the test case with the electric heating element covering the entire blade surface (i.e., 100% 
heating case), the surface of the blade model (i.e., the upper surface of the electric heating 
element) was set to be hydrophilic to be the same as a typical conventional wind turbine blade, 
which was used as the baseline for the comparative study. 
By following the same experimental procedure as that described above, the minimum 
power inputs needed for a successful anti-icing operation (i.e., to keep the entire blade surface 
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ice-free) with coverage of the electric heating elements were determined under the typical glaze 
icing condition (i.e., V∞ = 40 m/s, LWC = 2.0 g/m3, and T∞ = -5 °C) and rime icing condition 
(i.e., V∞ = 40 m/s, LWC = 0.4 g/m3, and T∞ = -10 °C).  Figure 9 shows typical snapshot images 
for the hybrid anti-/de-icing strategy with the electric heating element covering only 5% of the 
blade front surface, which reveal some interesting features in using the hybrid strategy for anti-
/de-icing operation. As described above, the super-cooled water droplets would be heated up 
rapidly after impacted onto the heated blade surface (i.e., mainly within the airfoil impinging 
limit near the airfoil leading edge as described in Liu and Hu [60] ). When an adequate power 
input of P.D.H = 7.80 kW/m2 was supplied to the electric heating element wrapped around the 
blade leading edge, the temperature of the impacted surface water over the SHS-coated surface 
would increase to a level much higher than the water freezing temperature. The “warmed” 
water would run back very rapidly over the SHS-coated blade surface and shedding 
subsequently from the trailing edge of the blade model before forming runback ice. As a result, 
the SHS-coated blade surface was found to be completely ice-free, as shown clearly in Figure 
7.9(a). 
However, when the power input supplied to the electric heating element was not high 
enough, e.g., P.D.H = 5.30 kW/m2 only as shown in Figure 7.9(b), while the super-cooled water 
droplets would be heated up and stay in liquid phase after impacted onto the heated blade 
surface near the leading edge, the runback surface water was found to be refrozen into ice, i.e., 
to form runback ice, in the downstream region beyond the area protected by the electric heating 
element. Once the ice was found to accrete over the surface of the blade model, subsequent 
runback water would accumulate rapidly over the surface of the accreted ice to promote much 
faster growth of the accreted ice structures, as shown clearly in Figure 7.9(a) at t = t0 + 200 s. 
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As the size of the accreted ice structures increases, the aerodynamic shear force acting on the 
ice structures accreted over the SHS-coated blade surface would become greater and greater. 
The aerodynamic forces acting on the ice structures would become strong enough to overcome 
the ice adhesion strength over the SHS-coated blade surface eventually. As a result, the large 
ice chunk would shed/roll off from the SHS-coated blade surface, as shown clearly in Figure 
7.9(a) at t = t0 + 409 s. As time goes on, another cycle of the ice accretion process was found 
to occur, which repeated the process as described above.  
In the present study, a parameter named required total power density (i.e., . .totalP D ) was 
introduced in order to provide a quantitative comparison about the required power 
consumption for all the test cases, which was defined as:  
. .. . H Htotal
P D LP D
C
×
=           (7-3) 
where HL is the chord-wise length of the heated area over the turbine blade model, i.e., 
LH = 100%C, 30% C, 10% C and 5% C, respectively for the test cases compared in the present 
study.  
Furthermore, in order to demonstrate the advantage of the hybrid anti-/de-icing strategy 
over the conventional brutally-heating strategy (i.e., 100% surface heating), the saving in the 
required power consumption (i.e., Power-Saving) by using the hybrid strategy for a successful 
anti-/de-icing operation is calculated with the following equation: 
Power-Saving = , ,( . . . . ) / . . 100%total total ref total refP D P D P D− ×        (7-4) 
where ,. .total refP D  is the minimum required . .totalP D of the reference case with the entire 
blade surface heated by the electric heating element (i.e., 100% C heating case). 
Table 7.2 summarizes the results of the parametric study for a quantitative comparison 
of all the test cases under both the glaze icing and rime icing conditions. It can be seen clearly 
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that, in comparison to the conventional brutally heating strategy (i.e., 100% surface heating 
case), the hybrid anti-/de-icing strategy with a minimized LE heating coverage and the SHS 
coating would achieve a maximum power saving of 90% and 94% under the glaze icing and 
rime icing conditions, respectively. It indicates that, in comparison to the conventional brutally 
heating strategy, the hybrid anti-/de-icing strategy (i.e., by combining the minimized surface 
heating near the blade leading edge and the SHS-coating) would only consume only ~10% 
power input to reach the same ant-/de-icing performance to keep the entire blade surface ice-
free. The significant power saving by using the hybrid anti-/de-icing strategy would ensure 
most of the electricity generated by wind turbines to be integrated into the power grid, instead 
of being consumed locally to heat the blade surfaces for anti-/de-icing operation.  
7.5 Conclusions 
In the present study, a hybrid anti-/de-icing strategy that combines the minimized 
surface heating near the blade leading edge and using a superhydrophobic surface (SHS) 
coating to cover the entire turbine blade surface was explored for wind turbine icing mitigation. 
The experimental study was conducted in the unique Icing Research Tunnel available at Iowa 
State University (i.e., ISU-IRT), which was used  to generate a wet glaze icing condition (i.e., 
V∞ = 40 m/s, T∞ = -5 °C, LWC = 2.0 g/m3) and a dry rime icing condition (i.e., V∞ = 40 m/s, T
∞  = -10 °C, and LWC = 0.4 g/m3) to be representative of the typical icing conditions 
experienced by wind turbines in cold weathers. A turbine blade/airfoil model with DU91-W2-
250 airfoil profile in the cross section was manufactured and mounted in the test section of 
ISU-IRT to evaluate the effectiveness of various anti-/de-icing strategies. The test cases 
compared in the present study include: 1). the blade model with a hydrophilic surface (i.e., 
HPS case in short) as the comparison baseline to represent conventional wind turbine blade 
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without any icing protection measures; 2). A passive anti-/de-icing strategy to have the turbine 
blade model coated with a super-hydrophobic surface (SHS) coating (i.e., SHS case in short); 
3). An active anti-/de-icing strategy with a thin electric heating film to warp around the leading 
edge (LE) (of the turbine blade model and keep the entire turbine model surface still being 
hydrophilic as the baseline case (i.e., LE heating case in short); and 4). A hybrid anti-/de-icing 
strategy combining the surface heating at the blade leading edge and using a SHS coating to 
cover the entire blade surface (i.e., the hybrid case in short). During the experiment, while a 
high-speed imaging system was utilized to reveal the dynamic ice accretion process over the 
surface of the turbine blade model under different icing conditions, a high-speed infrared (IR) 
thermal imaging system was also used to quantify the time evolutions of the temperature 
distributions over the surface of the turbine blade model during the anti-/de-icing operations 
with different anti-/de-icing strategies.  
It was found that, in comparison with the baseline case with the turbine blade model be 
hydrophilic (i.e., HPS case), the ice accretion area over the SHS coated blade surface was 
found to be reduced substantially due to the much faster runback speed of the impacted surface 
water and the weaker ice accretion strength over the SHS coated blade surface. However, ice 
accretion was still found to occur in the region near the blade leading edge due to the much 
weaker aerodynamic shear forces in the region near the stagnation line of the turbine blade 
model. It indicates that, it is impossible to keep the entire blade surface ice-free by using only 
the passive anti-/de-icing strategy with SHS coatings. While the LE heating strategy was found 
to be effective to heat up the impacted super-cooled water droplets to stay in liquid phase, 
thereby, preventing ice formation/accretion in the region near the blade leading edge (i.e., 
within the area protected by the electric heating element). However, as running back over the 
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hydrophilic blade surface, the surface water was found to be re-frozen into ice subsequently 
(i.e., to start runback icing) in the downstream region beyond the area protected by the electric 
heating element. As a result, the entire blade surface would need to be heated (i.e., 100% 
surface heating case) in order to ensure the entire blade surface ice-free.  
By combining the passive strategy with SHS coating to eliminate the runback icing and 
the active strategy with a minimized surface heating to prevent ice formation near the blade 
leading edge, the hybrid strategy was found to be capable of keeping the entire blade surface 
completely ice-free under both wet glaze icing and dry rime icing conditions. A parametric 
study was performed to explored/optimize the design paradigms of the hybrid anti-/de-icing 
strategy in order to minimize the required power input for the anti-/deicing operation. By using 
the SHS coating to cover the entire blade surface, the hybrid strategy with the electric heating 
element covering only 5% ~ 10% of the blade front surface was found to have the optimal anti-
/de-icing performance (i.e., minimized required power consumption for a successful anti-/de-
icing operation). It was demonstrated that, instead of using the conventional strategy to brutally 
heat the entire hydrophilic blade surface, the optimized hybrid strategy can keep the entire 
blade surface ice-free with only ~10% of the required power consumption, making hybrid 
strategy a very promising anti-/de-icing method to ensure the safer and more efficient operation 
of wind turbines in cold weathers.  
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Table 7.1  Surface properties of various surfaces.
Surface Ice Adhesion 
Strength  
[MPa] 
Static 
contact 
angle  
 [°] 
Advancing 
contact angle  
 [°] 
Receding 
contact angle  
 [°] 
Hysteresis  
 [°] 
HPS 1.40 ± 0.13 65 ± 2 105 ± 2 50 ± 2 >50 
SHS 0.37 ± 0.09 157 ± 2 159 ± 2 154 ± 2 <5 
 
Table 7.2  Measurement Results of the parametric study under both the glaze and rime icing 
condition.  
Strategy Glaze icing condition  
V∞ = 40 m/s, T∞ = -5 °C, and LWC = 2.0 g/m3 
Rime icing condition 
V∞ = 40 m/s, T∞ = -10 °C, and LWC = 0.4 
g/m3 
P.D.H 
[kW/m2] 
P.D. total 
[kW/m2] 
Power 
Saving  
Note 
 
P.D.H 
[kW/m2] 
P.D. total 
[kW/m2] 
Power 
Saving  
Note 
 
100% C heating 
& HPS 
(baseline) 
3.20 3.20 0 Ice free 6.80 6.80 0 Ice free 
30% C LE 
heating & SHS  
2.70 0.81 74% Ice free 6.80 0.81 74% Ice free 
10% C LE 
heating & SHS  
3.20 0.32 90% Ice free 6.80 0.68 90% Ice free 
5% C LE heating 
& SHS  
7.80 0.39 88% Ice free 7.80 0.39 94% Ice free 
 
 
 
Figure 7.1  Schematic of the hybrid anti-/de-icing strategy to be explored in the present 
study. 
 
 
staticθ
advθ recθ
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Figure 7.2  Schematic of ISU-IRT and experimental setup to evaluate the effectiveness of 
various anti-/de-icing strategies. 
 
 
 
Figure 7.3  Acquired images of the water droplets sitting on (a). Original hydrophilic blade 
surface, and (b). SHS coated blade surface.  
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(a) Dynamic impingement of a water droplet onto hydrophilic blade surface (i.e., HPS case). 
 
(b) Dynamic impingement of a water droplet onto the SHS -coated blade surface (i.e., SHS case). 
Figure 7.4  Time-evolutions of the dynamic impinging process of water droplets onto the 
blade surface for the HPS cases and SHS case at a relatively high Weber number of We ≈ 
3,100. 
 
  
(a). Glaze icing condition (P.D.H = 3.20 kW/m2) (b). Rime icing condition (P.D.H = 6.80 kW/m2) 
Figure 7.5  Snapshot images of the successful anti-icing operation with entire blade 
surface heating strategy under the typical glaze and rime icing conditions. 
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(a) Baseline case with HPS (b) Passive strategy with SHS  
  
(c) Active strategy with 30% C LE heating 
(P.D.H = 3.20 kW/m2) & HPS. 
(d) Hybrid strategy with 30% C LE 
heating (P.D.H= 2.70 kW/m2) & 
SHS. 
Figure 7.6  Comparison of various anti-/de-icing strategies under the typical glaze icing 
condition. 
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(a) Baseline case with HPS. (b) Passive strategy with SHS. 
  
(c) Active strategy with 30% C LE heating 
(P.D.H = 6.80 kW/m2) & HPS. 
(d) Hybrid strategy with30% C LE heating 
(P.D.H= 6.80 kW/m2) & SHS. 
Figure 7.7  Comparison of various anti-/de-icing strategies under the typical rime icing 
condition. 
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(a) Active anti-/de-icing strategy with 30% C LE heating (P.D.H= 3.20 kW/m2) & HPS. 
 
(b) Hybrid anti-/de-icing strategy with 30% C LE heating (P.D.H= 3.20 kW/m2) & SHS 
Figure 7.8  Time evolutions of temperature distribution over the surface of the turbine blade 
model under the typical glaze icing condition (V∞ = 40 m/s, T∞ = -5 °C and LWC = 2.0 g/m3).  
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(a). at P.D. H = 7.80 kW/m2        (b). at P.D. H = 5.30 kW/m2 
Figure 7.9  Snapshot Images to reveal the anti-/de-icing of the hybrid strategies with only 
5% C LE heating under a glaze icing condition of V∞ = 40 m/s, T∞ = -5 °C, LWC = 2.0 g/m3. 
The red dash squares highlight the ice shedding over the blade surface. 
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CHAPTER 8.    CONCLUSIONS AND FUTURE WORK 
8.1 Conclusions 
Wind turbine icing has been found to cause a variety of problems to the safe and 
efficient operations of wind turbines. In the present study, by leveraging the Icing Research 
Tunnel of Iowa State University (ISU-IRT), a series of experimental investigations were 
conducted to investigate the dynamic ice accretion process over the surfaces of typical wind 
turbine blade models and to explore the effective and robust anti-/de-icing strategies for wind 
turbines icing mitigation. Main contributions are listed as follows.  
(1) A comprehensive experimental study was, for the first time, conducted to quantify 
the transient behavior of the surface water transport process over the ice accreting surface of 
typical wind turbine blade models by using a Digital Image Projection (DIP) technique. The 
rivulet flows over the ice roughness during the dynamic glaze icing process were further 
analyzed in terms of ice thickness variation, rivulet moving speed and rivulet width features as 
a function of inflow velocity. 
(2) The aerodynamic performance degradation of the turbine blade models, for the first 
time, was characterized in the course of the ice accreting process by using two sets of high-
sensitive multi-axis force/moment systems and a digital Particle Image Velocimetry (PIV) 
system. Irregular-shaped ice structures were found to disturb the airflow around the blade 
model greatly, resulting in large-scale flow separation and shedding of unsteady vortex 
structures from the ice accreting surface. The performance degradation induced by the ice 
contamination was found to be a strong function of the angle of attack of the blade model with 
more significant degradations at lower angles of attack. 
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(3) A field campaign was conducted in a 50MW mountainous wind farm to investigate 
the ice-induced wind turbine performance degradation by correlating the observations  
collected with an unmanned aerial vehicle (UAV) and the wind turbine operational status data 
recorded by the supervisory control and data acquisition (SCADA) systems of wind turbines. 
This is the first field campaign aimed at ice-induced performance degradation of multi-
megawatt wind turbines (i.e., 1.5 MW). The span-wise ice distribution along the leading edge 
of a blade was characterized and the ice-induced effects on rotational speed, power output, and 
blade pitch angle were provided. 
(4) A novel hybrid anti-icing strategy that combines minimized electro-heating near the 
turbine blade leading edge and bio-inspired icephobic coatings to cover the blade surface was 
proposed. In comparison to conventional thermal-based anti-/de-icing methods to brutally heat 
the entire blade surface, the proposed hybrid strategy was demonstrated to be able to prevent 
the ice formation and accretion over the surfaces of the wind turbine blades effectively with 
only ~10% of the required power consumption. 
The new findings derived from the present studies would lead to a better understanding 
of the underlying physics pertinent to the wind turbine icing phenomena, which could be used 
to improve current ice accretion models for more accurate prediction of ice accretion on wind 
turbine blades as well as to develop innovative anti-/de-icing strategies for safer and more 
efficient operation of wind turbines in cold weathers. 
8.2 Future work  
The present experimental investigations were conducted in an icing research tunnel by 
using polymer-composite-based blade section models. The derived findings and proposed anti-
icing strategies needs to be examined in the natural environments for further applications.  
 
228 
APPENDIX.  QUANTIFICATION OF THE 3D SHAPES OF THE 
ICE STRUCTURES ACCRETED ON A WIND TURBINE AIRFOIL 
MODEL 
Linyue Gao, Ramsankar Veerakumar, Yang Liu, Hui Hu 
Department of Aerospace Engineering, Iowa State University, Ames, Iowa, 50011-2271, United States. 
(To be submitted to Journal of Visualization for publication as short paper) 
A.1 Introduction 
Wind turbine icing has been found to cause a variety of problems to the safety and 
efficient operations of wind turbines in cold weather. Ice accretion on turbine blades could 
significantly alter the aerodynamic shape of turbine blades and increase surface roughness, 
resulting in severe power losses, load imbalances and excessive vibrations [1]. Ice accretion 
has also been found to cause structural failures of wind turbines, especially when coupled with 
strong wind loads [2]. Wind turbine icing can also directly impact personnel safety due to 
falling and projected large ice chunks [3]. It should be noted that, icing hazard is often more 
severe in the locations which are best suited for wind turbine sites, such as northern latitudes, 
off-shore wind farms and high altitudes (i.e. mountains), where wind turbines are more prone 
to water contamination and icing in cold weather. 
While several studies have been carried out recently to investigate ice accretion on 
turbine blades through icing wind tunnel testing [4–6] or using ‘‘artificial’’ iced profiles with 
various types and amounts of ice accretion to investigate the aerodynamic performance and 
power output for iced blades [7], very few icing physics studies can be found in literature to 
elucidate underlying physics pertinent to wind turbine icing phenomena. It should also be noted 
that, although a number of anti-/de-icing systems have been used for wind turbine icing 
mitigation, almost all the current wind turbine icing protection strategies were originally 
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developed for aircraft anti-/de-icing applications. Many special issues related to wind turbine 
icing phenomena have not been fully understood in adopting those aircraft-orientated anti-/de-
icing techniques for wind turbine icing mitigation.  For example, the optimized airfoil shapes 
of wind turbine blades usually have much greater airfoil thickness and blunter leading edge, in 
comparison to those used to design aircraft wings. The significant differences in the airfoil 
shapes, especially in the regions near the airfoil leading edges, would greatly affect the flying 
trajectories of the supercooled water droplets carried by the incoming airflow, thereby, the 
subsequent droplet impinging dynamics and water collection characteristics over the airfoil 
surface, resulting in significant changes in the ice accretion characteristics and topologies of 
the ice structures accreted over the turbine blade surface.  
In the present study, an experimental investigation was conducted to characterize the 
dynamic ice accreting process over the surfaces of a typical wind turbine blade model. The 
experiment study was performed in an Icing Research Tunnel available at Iowa State 
University (i.e., ISU-IRT). A polymer-composite-based turbine blade section model with 
most-commonly-used DU91-W2-250 airfoil profile in the cross section was designed and 
manufactured for the ice accretion experiments under a typical glaze icing condition. During 
the experiment, while a high-speed imaging system was used to record the dynamic ice 
accretion process over the surfaces of the turbine blade model, a novel Digital Image Projection 
(DIP) based 3D scanning system was also used to quantify the 3D shapes of the complex ice 
structures accreted over the test model. The objective of the present study is to shed further 
insights into the underlying physics for a better understanding of the wind turbine icing 
phenomena, which is essential for the development of effective and robust anti-/de-icing 
strategies tailored specifically for wind turbines icing mitigation.  
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A.2 Experiment Setup and Test Model 
The experimental study was performed in Icing Research Tunnel located at Iowa State 
University (i.e., ISU-IRT). As shown schematically in Figure A.1, ISU-IRT is a research-grade 
multifunctional icing tunnel with a transparent test section of 0.40 m × 0.40 m × 2.0 m in size. 
It can be used to simulate/duplicate a wide range of icing conditions from dry rime icing to 
extreme wet glaze icing by adjusting the wind speed (i.e., V∞ = 5.0 ~ 60 m/s), ambient 
temperature (i.e., T∞ = -25 ~ 20 °C), the liquid water content level (i.e., LWC = 0.1~5.0 g/m3) 
of the incoming airflow, and the water droplet size in ISU-IRT. Further information about the 
technical details of ISU-IRT is available at Yang & Hu [8]. In the present study, a typical glaze 
icing condition that wind turbines usually experience in cold and wet winters was simulated 
with the controlling parameters of wind speed of V∞ = 40 m/s (i.e., typical wind speed at outer 
bound region of turbine blades), ambient temperature of T∞ = -5.0 °C, and LWC = 1.1 g/m3.  
The wind turbine blade model used in the present study was designed to have DU91-
W2-250 airfoil shape in the cross section. DU91-W2-250 airfoil, which is a cambered airfoil 
with a blunt leading edge and a maximum thickness of 25% chord length, is known for its 
favorable aerodynamic performance and strong structural strength for wind turbine 
applications. The test model used in the present study has a chord length (C) of 150mm (i.e., 
C = 0.15 m). It was 3D printed with a hard-plastic material, VeroWhitePlus, which has a very 
similar thermal conductivity of the polymer composite-based wind turbine blades. During the 
ice accretion experiments, the test model is mounted in the middle of the ISU-IRT test section 
with an angle of attack of 10 deg.(i.e., AoA =10 deg.), which is the most-commonly-used AoA 
for wind turbine operation, as described in Gao et al. [9]. 
During the ice accretion experiments, a high-resolution imaging system (i.e., PCO 
Tech, Dimax Camera, 2K pixels × 2K pixels in spatial resolution) along with a 60 mm Macro-
231 
lens (Nikon, 60 mm Nikkor 2.8D) was used to record the dynamic ice accreting process over 
the surface of the turbine blade model. The camera was positioned normal to the airfoil chord 
of the test model. Low-flicker illumination was provided by a pair of 150 W fiber coupled 
halogen lamps (AmScope, HL250-AS).  
In addition to acquiring snapshot images to visualize the dynamic ice accretion process, 
a novel Digital Image Projection (DIP) based 3D scanning system was also used to achieve 
“in-situ” measurements of the 3D shapes of the ice structures accreted over the surface of 
turbine blade model. The DIP system is based on the principle of structured light triangulation 
in a fashion similar to stereo vision technique, but replacing one of the cameras in the stereo 
pair with a digital projector. A digital image with known pattern characteristics was projected 
onto the test object of interest (i.e., ice structures accreted over the surface of the turbine blade 
model for the present study). Due to the complex three-dimensional (3D) geometrical profiles 
of the test objects (i.e., the upper surfaces of the accreted ice structures), the projected digital 
patterns are deformed when observed from a perspective different from the projection axis. By 
comparing the distorted digital patterns (i.e., acquired images with ice structures accreted over 
the surface of the turbine blade model) with a reference digital pattern without the test objects 
on the reference surface, the 3D profile of the test objects (i.e., the accreted ice structures over 
the surface of the test model) can be retrieved quantitatively. Further information about the 
technical basis and implementation of the DIP system is available in Zhang et al. [8]. 
As shown schematically in Figure A.1, the DIP-based 3D scanning system was used to 
achieve “in-situ” measurements of the 3D shapes of the ice structures with the iced test model 
being mounted inside ISU-IRT. After conducting a careful calibration operation to register the 
correlation relationship between the digital projector and high-resolution camera, the iced test 
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model was rotated at every 60 degrees around its pivot point (i.e., the aerodynamic center at 
25% chord length of the airfoil model) for the DIP image acquisitions. The DIP images were 
processed to retrieve 3D profiles of the ice structures acquired at different phase angles, and 
then combined automatically to reconstruct the 3D shapes of the ice structures accreted over 
both the upper and lower surface of the test model.   
It should be noted that, while a number of intrusive methods have been developed for 
quantitative measurements of ice shapes accreted over airfoil models, e.g., hand tracing method 
[10], and mold-and-casting method [11], they are usually very time consuming and expensive 
in implementation (i.e., mold-and-casting method). Furthermore, some of the fragile ice 
features might even be damaged during the ice shape measurements. More recently, non-
intrusive laser light sheet scanning technique has also been developed for 3D ice shape 
measurements [12,13]. However, the laser scanning method can only measure 2D profiles of 
accreted ice structures directly, and relies on a line-by-line scanning operation to reconstruct 
3D ice shapes, which could be quite time consuming and much involved in instrumentation for 
high-resolution measurements of complex 3D ice structures. The DIP-based 3D scanning 
system used in the present study is a stereo vision-based technique, which is capable of 
quantitatively measuring fully 3D shapes of complex ice structures accreted over the airfoil 
model. In comparison with those conventional methods (i.e., hand-tracing method, mold-and-
casting method, or laser light sheet scanning technique), the DIP-based 3D scanning system is 
much faster (i.e., ~ 10s for each test case) to achieve full 3D shape measurements of ice 
structures over the entire span of the test model and also much easier to implement for “in-
situ” measurements of 3D ice shapes with the test model mounted in the icing tunnel.   
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A.3 Experimental Results and Discussions 
Figure A.2. shows typical snapshot images acquired by using the high-speed imaging 
system to qualitatively reveal the dynamic ice accreting process over both the upper and lower 
surfaces of the turbine blade model as a function of the ice accretion time (i.e., after switching 
on the water spray system of ISU-IRT at the time instance of t = t0).  It can be seen clearly that, 
upon the impacting of the super-cooled water droplets carried by the incoming airflow, ice 
structures were found to accrete very rapidly on both the suction side (i.e., upper surface) and 
pressure side (i.e., lower surface) of the test model. Under the test condition of V∞ = 40 m/s, 
T∞ = -5 °C, and LWC = 1.1 g/ m3, the ice accretion process on the test model was found to be 
a typical glaze icing process with obvious surface water runback and formation of transparent, 
glassy ice structures, as described in Waldman and Hu [8].  
It can also be seen that, with the test model was mounted at AoA =10 deg., super-cooled 
water droplets carried by the incoming airflow would impact mainly onto the pressured-side 
of the airfoil surface, concentrating in the region near the airfoil leading edge. As a result, 
majority of the ice structures were found to accrete over the pressure-side surface of the test 
model, mainly in the region near the airfoil leading edge, as expected. As described in Liu & 
Hu [8], due to the inadequate heat transfer to remove/dissipate all the released latent heat of 
fusion associated with the solidification process under such a wet glaze icing condition, only a 
portion of the supercooled water droplets would be frozen into ice instantly upon impacting 
onto the airfoil surface, while the remaining portion of the impacted water mass would stay in 
liquid phase. As driven by the aerodynamic shear force exerted by the boundary layer airflow 
over the airfoil surface, the unfrozen surface water accumulated near the airfoil leading edge 
would run back along the airfoil surface to form rivulet flows at further downstream, as that 
described in Zhang et al. [8]. The runback surface water was found to be frozen into ice 
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eventually in the form of rivulet-shaped ice structures. While majority of ice accretions were 
found to occur over the pressure-side surface of the test model, irregular-shaped ice structures 
were also found to accrete over the suction-side surface of the test model, mainly near the 
airfoil leading edge. As the ice accretion time increases, with more and more supercooled water 
droplets impacting onto the test model, the ice layer accreted on the turbine blade model was 
found to become thicker and thicker, as shown clearly in Figure A.2. 
Figure A.3 gives the typical measurement results of the DIP-based 3D scanning system 
at four representative instants, i.e., at 50s, 100s, 300s and 600s after starting the ice accretion 
experiment. The characteristics of the dynamic ice accreting process as well as time evolution 
of the complex ice structures accreted on the turbine blade model were revealed much more 
clearly and quantitatively from the measurement results. As shown clearly in Figure A.3, upon 
the impacting of the supercooled water droplets onto the airfoil surface, a thin layer of ice/water 
mixtures was found to from immediately over the surface of the test model, mainly near the 
airfoil leading edge (i.e., within the direct impinging zone of the supercooled water droplets). 
Since only a portion of the impacted supercooled water droplets would be frozen into ice 
instantly under such a wet glaze icing condition, the unfrozen impacted water mass was found 
to run back readily along the airfoil surface to form rivulet flows. The runback surface water 
were found to be frozen into ice eventually to form isolated rivulet-shaped ice structures at 
further downstream regions, i.e., in the downstream region far beyond the direct impacting 
zone of the supercooled water droplets. As revealed clearly in the “zoom-in” views of the ice 
accretion images, the surface of the iced test model was found to become rougher and rougher 
as the ice accretion time increases.  
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2D profiles of the accreted ice structures at different spanwise locations of the test 
model were extracted based on the 3D DIP measurements results in order to reveal the complex 
ice structures accreted over the surface of the turbine blade model more quantitatively. Figure 
A.4 gives the 2D profiles of the accreted ice structures in 5 cross sections over a 10-inches 
span of the test model after 600 seconds of the ice accretion experiment. It can be seen clearly 
that, the 2D ice shape profiles extracted at different cross sections were found to overlap with 
each other well in general, indicating the dominant 2D features of the ice accretion process 
over the 2D test model, as expected. However, obvious differences in the accreted ice shape at 
different spanwise locations (i.e., spanwise variations) can also be observed, especially in the 
region near the airfoil leading edge. The spanwise variations in the accreted ice shapes (e.g., 
formation of 3D bulged ice structures and rivulet-shaped ice structures at further downstream 
location) are believed to be closely related to the wet nature of glaze icing process, caused by 
the complicated interplaying among multiphase flows (i.e., incoming airflow, impinging 
supercooled water droplets and runback surface water, and ice accreting airfoil surface).  
Following the work of Woodard et al. [13], a concept of “maximum combined cross 
section” (MCCS) profile of the accreted ice structures is used in the present study to highlight 
the irregular features of the ice structures accreted on the turbine blade model. By projecting 
the section cuts of the accreted ice structures at different spanwise locations onto a single plane, 
the MCCS profile of the ice structures accreted over the test model is obtained by tracing the 
maximum outer boundary of the ice structures. As shown clearly in Figure A.4, the MCCS 
profile would represent the outermost extent of the ice structures accreted over the surface of 
the turbine blade model.  
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The MCCS profiles of the ice structures accreted on the turbine blade model at different 
time instants during the dynamic ice accretion process can also be obtained with the same 
procedure as that described above. Figure A.5 shows the variations of the MCCS profiles of 
the accreted ice structures as a function of the ice accretion time, which can be used for 
validation and verification of various empirical and theoretical models for ice shape 
predictions. It can be seen clearly that, at the earlier stage of the ice accretion experiments (i.e., 
t ≤ t0+50s), the ice layer accreted over the surface of the test model were found to concentrate 
mainly in the region near the airfoil leading edge (i.e., within the direct impinging limit of the 
supercooled water droplets). The accreted ice layer was also found to conform well to the 
original profile of the “clean” airfoil surface with very small ice roughness over the iced airfoil 
surface. As the time goes by, with more and more supercooled water droplets impacting onto 
the iced airfoil surface, the ice layer accreted over the test model was found to become thicker 
and thicker. Corresponding to the runback of the unfrozen surface water under the wet glaze 
icing condition, while the coverage of the ice layer over the test model was found to extend to 
future downstream, the roughness of the iced airfoil surface was also found to increase rapidly. 
The much rougher surface of the iced turbine blade model, especially with the irregular-shaped 
ice structures accreted near the airfoil leading edge, would cause significant disturbances to 
the incoming airflow, which would result in large-scale flow separation over the airfoil surface, 
thereby, causing tremendous aerodynamic performance degradations to the wind turbine 
blades. As described in Gao et al. [9], after the 600s of the ice accretion experiment under the 
glaze icing condition, the complex ice structures accreted over the turbine blade model would 
lead to the lift decrease to only about 30% of its original value, while the drag would increase 
about 3 times. 
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A.4 Conclusions 
In summary, an experimental investigation was conducted to characterize the dynamic 
ice accretion process over the surface of a wind turbine blade model. The experimental study 
was performed in an Icing Research Tunnel available at Iowa State University (i.e., ISU-IRT). 
A turbine blade model with DU91-W2-250 airfoil shape in the cross section was manufactured 
and exposed under a typical wet glaze icing condition for the present study. During the 
experiment, in addition to using a high-speed imaging system to record the dynamic ice 
accretion process over the surfaces of the turbine blade model, a high-resolution Digital Image 
Projection (DIP) based 3D scanning system was also used to quantify the 3D shapes of the ice 
structures accreted on the test model. The characteristics of the dynamic ice accretion process 
on the turbine blade model were revealed clearly and quantitatively in the term of the evolution 
of the 3D shapes of the ice structures accreted over the test model as a function of the ice 
accretion times. While the quantitative measurement data about the 3D shape changes of the 
ice structures accreted over the turbine blade model can be used for the validation and 
verification of various empirical and theoretical models for ice accretion predictions, the 
findings derived from the present study would be also very helpful to improve our 
understanding about the underlying icing physics pertinent to wind turbine icing phenomena, 
which is essential for the development of effective and robust anti-/de-icing strategies tailored 
specifically for wind turbines icing mitigation. 
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Figure A.1  Schematics of ISU-IRT and experimental setup used in the present study. 
 
 
Figure A.2  Acquired snapshot images to qualitatively reveal the dynamic ice accreting 
process over both upper and lower surfaces of the turbine blade model. 
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Figure A.3  Time evolution of the 3D shapes of the ice structures accreted over the surface of 
the turbine blade model under a typical glaze icing condition of V∞ = 40 m/s, LWC = 1.1 
g/m3, T∞ = -5.0 °C. 
 
 
 
 
Figure A.4  2D profiles of the accreted ice structures at different spanwise sections and the 
resultant MCCS profile. 
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Figure A.5  The variations of the MCCS profiles of the ice accretion as a function of the ice 
accretion time.  
